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Flavour and CP violations that the neutrino-seesaw couplings of types I, II, and III
induce radiatively in the soft massive parameters of the minimal supersymmetric SU(5)
model, made realistic by nonrenormalizable operators, are analyzed. Effective couplings are
used to parametrize the couplings of renormalizable operators and of the corrections that
nonrenormalizable ones provide at the tree level. It is found that for a limited, but sufficient
accuracy in the calculations of such violations, it is possible to extend the picture of effective
couplings to the quantum level, all the way to the cutoff scale. The arbitrariness introduced
by nonrenormalizable operators is analyzed in detail. It is shown that it can be drastically
reduced in the Yukawa sector if the effective Yukawa couplings involving colored triplet
Higgs bosons are tuned to suppress the decay rate of the proton. In the supersymmetry-
breaking sector, the usual requirement of independence of flavour and field type for the
mechanism of mediation of supersymmetry breaking is not sufficient to forbid arbitrary
flavour and CP violations at the tree level. Special conditions to be added to this requirement,
under which such violations can be avoided, are identified. Depending on how and whether
these conditions are implemented, different phenomenological scenarios emerge. Flavour
and CP violations of soft massive parameters induced by neutrino-seesaw couplings are
discussed explicitly for the simplest scenario, in which no such violations are present at the
tree level. Guidelines for studying them in other, less simple scenarios are given. Lists of all
renormalization group equations needed for their calculations are provided for each of the
three types of seesaw mechanism, at all energies between the TeV scale and Planck scale.
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§1. Introduction and motivation
Among the existing proposals to solve the hierarchy problem of the Standard
Model (SM), supersymmetry (SUSY) is still one of the most compelling. A solution
to this problem without excessive tuning requires that the massive parameters that
break SUSY softly are around the TeV scale, hereafter identified with the electroweak
scale, Mweak or m˜.
As is well known, if no restrictions are invoked for these parameters, flavour
violations in the sfermion mass matrices, or sfermion flavour violations (sFVs), in
general, exist. In particular, off-diagonal elements in the chirality-conserving sectors
of these matrices, and/or misalignments of the chirality-mixing sectors with the
corresponding Yukawa matrices, may be nonnegligible. Then, loop diagrams with
exchange of superpartners can give large contributions to flavour-changing-neutral-
current (FCNC) processes. Since these are experimentally known to be rare, and
not in disagreement with the SM predictions,1) it follows that sFVs must be rather
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small,2) or altogether absent, at least, at one scale.
Even if vanishing at the cutoff scale, Mcut, however, sFVs are in general non-
vanishing at Mweak, as they are induced at the quantum level by the SM Yukawa
couplings.3)–7) They are suppressed by a loop factor, but enhanced by the large
logarithms of the ratios of Mcut and Mweak, usually resummed through renormal-
ization group (RG) techniques. Nevertheless, the squark flavour violations (sQFVs)
obtained in this way in the minimal supersymmetric standard model (MSSM) are
not particularly large4), 6) (unless tan β is large8)), mainly because of the smallness
of the off-diagonal elements of the Cabibbo–Kobayashi–Maskawa (CKM) matrix,
KCKM, and the pattern of fermion masses.
Irrespective of the extensions made to solve the hierarchy problem, the lep-
tonic sector requires also some enlargement of the originally proposed SM structure
in order to accommodate neutrino masses. One way to proceed is to introduce the
well-known seesaw mechanism, which is classified into three different types, I,9) II,10)
and III,11) depending on which heavy fields are advocated for its mediation.12) Sin-
glets of the SM, or right-handed neutrinos (RHNs) are used for the type I. All three
types of seesaw mediators have couplings of O(1) with the lepton doublets if their
scale, Mssw, is large, considerably above the range of energies at which direct detec-
tion is possible.
It is therefore very important to search for signals that can give information
on these heavy fields. An obvious magnifying glass for them may be precisely their
large Yukawa couplings to the left-handed leptons and the large mixing angles of
the Maki–Nakagawa–Sakata (MNS) matrix, KMNS. These affect the RG flow of the
soft SUSY-breaking parameters for sleptons,13) inducing slepton flavour violations
(sLFVs), and consequently, flavour-violating effects in the charged-lepton fermion
sector. Thus, information on the seesaw fields can be hopefully gleaned through the
study of flavour-violating processes in models in which sFVs at Mcut are vanishing
(or under control, as in models with a Yukawa mediation of SUSY breaking14)). The
existence of arbitrary tree-level flavour violations in the slepton mass parameters at
this scale, even if relatively small, for example of O(10−2), can completely obscure
the loop effects induced by the seesaw mechanism.
In such studies, a minimal number of parameters is commonly used to specify
the soft SUSY-breaking terms at Mcut: a common gaugino mass, M1/2, a mass com-
mon to all scalars, with vanishing intergenerational mixings, m˜0, and two, in general,
uncorrelated parameters, the bilinear and trilinear couplings B0 and A0, which guar-
antee the alignment of the bilinear and trilinear soft terms to the corresponding mass
and Yukawa terms in the superpotential. This short list of parameters encapsulates
the concept of universal boundary conditions for soft masses, which may be ob-
tained in the context of minimal supergravity,15), 16) or more generally, from a field-
and flavour-blind mediation of SUSY breaking, such as gravity mediation, which is
assumed throughout this paper.
If the MSSM with the seesaw mechanism is embedded in a SUSY SU(5) grand-
unification theory (GUT), the seesaw mediators interact with large Yukawa couplings
not only with the SU(2)-doublet leptons, but with all components of the multiplets
to which these leptons belong, that is, also with SU(2)-singlet down quarks. Thus, as
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pointed out by Baek et al.17) and Moroi,18) in the minimal SUSY SU(5) (MSSU(5))
model with the seesaw of type I, these interactions can induce sQFVs atMweak in the
right–right down-squark sector, whereas those generated by the top Yukawa coupling
are in the left–left sector. Such sQFVs are related to sLFVs in a simple way. In
addition, various independent phases are present in this model, only one of which
corresponds to the CKM phase of the SM, when evolved at low scale. These GUT
phases can also leave visible imprints in the superpartner mass matrices, during the
RG flow from Mcut to the GUT scale, MGUT, if the soft SUSY-breaking parameters
are real at Mcut.
18)
Both these facts have raised hopes that combined studies of flavour- and CP-
violating processes in the quark and lepton sectors may provide interesting avenues
for detecting the presence of RHNs in the MSSU(5) model with universal soft terms
at Mcut. Indeed, considerable attention has been paid to the correlations of sQFVs
and sLFVs in this model,17)–22) much less in the MSSU(5) models with the other
two seesaw types.∗)
Soon after the observations made in Refs. 17) and 18), it was argued that the
MSSU(5) model with a seesaw of type I, precisely because it induces sQFVs in the
right–right down-squark sector, could accommodate values for the Bs-B¯s mixing
(at that time unmeasured) distinguishable from the typical SM ones,26) without
upsetting the observed agreement between experimental results and SM predictions
for other FCNC processes. In contrast, predictions for this mixing in the MSSM with
universal boundary conditions of the soft parameters (usually assumed at MGUT)
tend to deviate less from those obtained in the SM.
The now existing measurement of the Bs-B¯s mixing,
27) unfortunately, turns
out to be inconclusive for searches of new physics. The measurement of ∆Ms does
not show disagreement with the SM, but, despite its outstanding precision, cannot
exclude new-physics contributions either, because of the ∼ 30% error that plagues
the SM calculation.28) In contrast, the SM calculation for the phase of this mixing
is much less uncertain,29) but the experimental results are less precise.30) The most
recent global fits for this phase made by the UTfit collaboration31) and the HFAG32)
seem to be 2.9 or 2.5σ away from the SM value; the fit from a combined CDF and
D0 analysis based on Bs → J/ψφ data alone is only 2σ away.33) A phase deviation
from the SM prediction could easily be accommodated in the MSSU(5) models with
different types of seesaw mechanism.
In view of new and more extensive phenomenological studies, it is time to as-
sess the state-of-the-art of the theoretical treatment of these models. As is well
known, the MSSU(5) model is not realistic as it predicts a too rapid proton de-
cay34) and wrong relations between the down-quark and charged-lepton masses.35)
Suitable extensions of the field content,35)–37) or the inclusion of nonrenormalizable
operators (NROs) suppressed by 1/Mcut, are both considered sufficient to address
these problems. Since the former extensions are more obtrusive, as they bring larger
∗) Exceptions are Refs. 23)–25), in which specific boundary conditions for the soft masses, uni-
versal23) or obtained from a combined gauge- and Yukawa-mediation mechanism of SUSY break-
ing,24), 25) are imposed at MGUT.
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modifications to the model, we opt here for the second possibility.
1.1. Existing studies of NROs in MSSU(5) models
The consequences that NROs may have for sFVs were first discussed in Ref. 38)
in the context of the SUSY SO(10) model. They were also studied in Ref. 39) in the
SUSY SU(5) model with vanishing neutrino masses, and were then neglected until
Ref. 19), where the seesaw of type I was implemented to obtain massive neutrinos.
In Ref. 19), only one NRO of dimension five was included in the Yukawa sector (the
minimal number sufficient to obtain a suitable fermion spectrum).∗) Nevertheless,
the correlations between sLFVs and sQFVs induced by the seesaw Yukawa couplings
were shown to be sizably altered.
The direct effect that NROs have through RGEs is at most of O(10−4), for the
usual hierarchy between Mcut and MGUT. Although small, it may not be neglected
if the seesaw couplings happen to be somewhat smaller than O(1). For this reason,
the authors of Ref. 19) aimed at collecting all contributions of O(10−4). The largest
effect that NROs have, however, comes from the arbitrariness they introduce in the
choice of the flavour rotations of the SM fields to be embedded in SU(5) matter
multiplets. This is expressed by the appearance of unitary matrices of mismatch in
the diagonalization (hereafter, mismatch matrices) of various Yukawa couplings, in
addition to the RGE-evolved CKM and MNS ones. There are two such matrices in
the analysis of Ref. 19).
Since the coefficient of the NRO in Ref. 19) is tuned to provide corrections of
O(1) to the Yukawa couplings of first- and second-generation fermions, it is somewhat
obvious that these two mismatch matrices modify the pattern of sFVs in the first-
and second-generation sector of the down-squark mass matrix. What is perhaps
less obvious is the fact that they can affect also, in a sizable way, the pattern of
sFVs in which the third-generation down squark is involved.22) Unfortunately, the
authors of Ref. 19) failed to emphasize this point, thereby implicitly substantiating
the perception that the predictions for FCNC processes involving the bottom quark
remain unaffected by the inclusion of NROs.
The authors of Refs. 38) and 39) included in their analyses all possible NROs
in the Yukawa sector of the superpotential. To deal with such a complex situation,
they made use of the picture of effective couplings. For each renormalizable operator,
these collect at the tree level the coupling of the operator itself and the corrections
contributed by different NROs with superheavy fields replaced by their vacuum-
expectation values (VEVs). This picture was assumed by these authors to be valid
also at the quantum level.
No effort was made by any of the three groups of authors to verify whether the
proton-decay rate can be suppressed in their scenarios. In the case of Ref. 19), this
seems hardly to be the case, given the presence of only one NRO. Enough SU(5)-
breaking effects are induced by NROs in the analyses presented in Refs. 38) and 39).
These can disentangle41)–43) the Yukawa couplings giving rise to the fermion masses
∗) After Ref. 19), the only other papers including NROs in the same context are those listed in
Ref. 22), which follow quite closely the treatment of Ref. 19). Within a SUSY SO(10) model, the
same problem is studied in Ref. 40).
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from the Yukawa couplings contributing to the coefficients of the effective operators
responsible for proton decay. The corresponding rate can then be tuned to be smaller
than the existing experimental limits,44) also for colored Higgs fields with mass of
O(MGUT). Nevertheless, no mention of this issue is made in these papers, and
no awareness appears in them of the fact that this tuning can have a substantial
feedback into the sFV problem.
1.2. This paper
Although closer in method to the treatment of NROs proposed in Ref. 38), this
paper is the first step towards a generalization of Ref. 19) for all three seesaw types,
with no restrictions on the type and number of NROs to be included. The three re-
sulting models are often dubbed in this analysis as nrMSSU(5) models, to distinguish
them from the corresponding MSSU(5) models without NROs. Special attention is
paid to the possible shortcomings of the nrMSSU(5) models, in particular, the loss
of predictability, and the breaking of minimality in their Ka¨hler potentials. As in
Ref. 19), we aim at collecting all the leading RGE-induced effects due to NROs, of
O(10−4).
We plan a comprehensive analysis of flavour and CP violations in the sfermion
and fermion sectors of general nrMSSU(5) models in which any of the three seesaw
types is implemented. In this particular paper, we lay out all theoretical aspects of
the problem, deriving partial phenomenological results in some cases.
We start by reviewing the MSSU(5) model (without seesaw mechanism) in §2.1
and the three types of seesaw mechanism in §2.3. We study in §2.2 the vacuum struc-
ture of the MSSU(5) model, which in a certain justified approximation, specified in
§3, is also the vacuum of the corresponding nrMSSU(5) model. We provide analytic
expressions for the scalar and auxiliary VEVs of the Higgs field in the adjoint repre-
sentation, 24H . To the best of our knowledge, the expression of the auxiliary VEV
is given here explicitly for the first time.
Still in §2.2, we show how the tunings needed in the MSSU(5) model to induce
light Higgs boson masses are stable under radiative corrections, irrespective of the
type of soft parameters assumed at Mcut. The proof is already given in a compact
form in Ref. 45). Ours is more direct and explicit and uses the RGEs for the leading
components of the VEVs of the field 24H in the expansion in powers of (m˜/MGUT).
We derive them in this section in terms of the original parameters of the model, and
in a practically model-independent way in Appendix C. In particular, this proof
remains valid for the nrMSSU(5) models.
In §3, we survey in full generality the different NROs that can appear in the
SUSY-conserving sector of the nrMSSU(5) models, and we list explicitly the various
effective couplings induced. In §4, we show that, in general, the number of mismatch
matrices, and therefore, the amount of arbitrariness, introduced in the Yukawa sector
is considerably larger than in Ref. 19). Despite this, only one mismatch matrix affects
sizably the pattern of the seesaw-induced sFVs in the down-squark sector, as in the
simpler case studied in Ref. 19).
We do not attempt an actual calculation of the proton-decay rate in this paper,
limiting ourselves to recall old41)–43) and new46) possibilities to suppress it through
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NROs. Nevertheless, in §5, we illustrate the consequences for sFVs of the two ansa¨tze
used in Ref. 43) for its suppression. These correspond to specific choices of the effec-
tive Yukawa couplings of operators involving the colored Higgs triplets in the large
parameter space opened up by the introduction of NROs. Interestingly, for these
particular choices, the above mismatch matrices turn out to be well approximated
by the unit matrix and their effects on the correlations between sQFVs and sLFVs
are negligible. We argue, however, that this may not be a generic feature of these
models and that a dedicated study should be devoted to this problem.
We survey in §6 the NROs that can appear in the SUSY-breaking part of the
superpotential and Ka¨hler potential. We emphasize the expressions of the effective
trilinear couplings and effective soft masses squared, to which also the auxiliary
VEV F24 contributes (a point which was missed in Ref. 19), and presumably also in
Refs. 38) and 39)).
As a consequence, tree-level sFVs for effective couplings cannot be avoided,
even if the boundary conditions for the original soft couplings of the nrMSSU(5)
models are consistent with a flavour- and field-independent mechanism of mediation
of SUSY breaking. We show this in §7. We give in this section, and later in §9,
explicit guidelines on how to deal with this complicated situation.
Nevertheless, after some guesses made in this section, we show in a system-
atic way in §8 how to avoid these tree-level sFVs by restricting further the type of
couplings between the mediator of SUSY breaking and the various operators of the
Ka¨hler potential and the superpotential. Thanks to these restrictions, it is possi-
ble to recover for the effective soft coupling at Mcut a four-parameter description in
terms ofM1/2, m˜0, A0, B0, i.e., the same parameters that describe the soft couplings
of the MSSM obtained in the flat limit of minimal supergravity.47)
We are then faced with the problem of whether it is possible to upgrade this
picture of effective couplings to the quantum level. In §10.1, we examine the possible
loop diagrams that break this picture and we determine the level of accuracy in the
calculation of sFVs for which this upgrade is doable. We show, in a sketchy way in
§10.2 and in detail in Appendix D, that, within this level of accuracy, the RGEs for
effective couplings are as those for renormalizable couplings, even above the GUT
scale where the superheavy degrees of freedom are still active.
This statement has already been claimed in Ref. 38), and then used also in
Ref. 39) by assuming that it is possible to neglect the wave function renormalization
of the adjoint Higgs field. In reality, within our target accuracy, this approximation
is not valid for the effective trilinear couplings. Nevertheless, by making use of the
evolution equation of the scalar and auxiliary VEVs derived in §2, we show that
the formal equality of the RGEs for effective couplings and renormalizable couplings
holds exactly, still within our target accuracy. We also show how the neglect of the
auxiliary VEV of the field 24H has led to an overestimation of sFVs in Ref. 19).
This discussion is supplemented by complete lists of RGEs, given in Appendix E
for all ranges of energies from Mcut to Mweak, for each of the three seesaw types,
correcting mistakes in some of the equations reported in the existing literature, and
giving here for the first time those missing. In particular, the RGEs for the MSSM
8 F. Borzumati and T. Yamashita
with seesaw of type III, those for the MSSU(5) models with seesaw of types II and III,
and the RGEs for the nrMSSU(5) models with all seesaw types appear here for the
first time.
Finally, in §11, we give approximated analytic expressions for low-energy off-
diagonal terms in the squark and slepton mass matrices induced by the seesaw cou-
plings, for vanishing and nonvanishing NROs. Those for vanishing NROs are still
predictions for the flawed MSSU(5) model, which are, however, missing in the exist-
ing literature, or can be interpreted as predictions for the points of parameter space
of nrMSSM(5) models in which the proton-decay constraints reduce the mismatch
matrices to be trivial. We show explicitly how NROs can modify the seesaw-induced
transitions between squarks of first and second generations, as well as first and third
and second and third generations. We summarize our analysis in §12.
1.3. Notation issues
We do not distinguish in this paper fundamental and antifundamental indices
as upper and lower ones, as usually done. We give, however, in Appendix A explicit
multiplication rules for each term of the superpotential and Ka¨hler potential, clari-
fying our notation. In the same Appendix, we give also explanatory details for many
of the equations appearing in the text. In particular, the SU(5) generators Ti listed
there are assumed to be acting on the antifundamental representation. Thus, they
act as −T Ti on the fundamental representation 5. Throughout this paper, we use
the same symbol for Higgs superfields and their scalar components. An exception is
made only for the field 24H in §2.2 and Appendix D. Finally, a dot on a parame-
ter P (Q) denotes the partial derivative (16π2)∂P/∂ ln(Q/Q0), with Q0 an arbitrary
reference scale.
§2. The MSSU(5) model with seesaw
In the MSSU(5) model,48) the supersymmetric version of the Georgi-Glashow
SU(5) model,49) the superpotential can be split as
WMSSU(5) =W
MSSU(5)
M +W
MSSU(5)
H , (2
.1)
where W
MSSU(5)
M contains all matter interactions:
W
MSSU(5)
M =
√
2 5¯MY
5 10M 5¯H − 1
4
10MY
10 10M5H , (2.2)
and W
MSSU(5)
H all Higgs interactions:
W
MSSU(5)
H =M55H 5¯H + λ55H24H 5¯H +
1
2
M24(24H)
2 +
1
6
λ24(24H )
3. (2.3)
Here, Y 10 is a symmetric matrix, whereas Y 5 is a generic one. As is well known,
the two irreducible representations 5¯M and 10M collect, generation by generation,
all matter superfields of the MSSM: 10M = {Q,U c, Ec} and 5¯M = {Dc, L}. The two
Higgs fields 5H and 5¯H contain the two weak Higgs doublets of the MSSM, Hu and
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Hd, and the two colour triplets, H
C
U and H
C
D : 5H = {HCU ,Hu} and 5¯H = {HCD ,Hd}.
The explicit form of the Higgs field 24H is given in Appendix A, where also the SM
decomposition of most superpotential terms can be found. It is sufficient here to say
that its components are: GH and WH , respectively in the adjoint representations
of SU(3) and SU(2); XH , an SU(2) doublet and SU(3) antitriplet; X¯H , an SU(2)
antidoublet and SU(3) triplet; and BH , a SM singlet.
In this form, the MSSU(5) model predicts vanishing neutrino masses. The ex-
tension usually made to obviate this problem consists in the introduction of a heavy
seesaw sector. Depending on the particle content of this sector, three realizations of
the seesaw mechanism are possible, denoted as seesaw of types I, II, and III, which
will be discussed in §2.3. We also postpone a discussion of the vacuum structure of
the model to §2.2, whereas we concentrate on the quark and lepton interactions in
the next section.
2.1. Matter sector
After performing some rotations in flavour space discussed in Appendix B, it is
possible to recast W
MSSU(5)
M in the form
W
MSSU(5)
M =
√
2 5¯M Ŷ
5 10M 5¯H − 1
4
10M
(
KT10P10 Ŷ
10K10
)
10M5H , (2.4)
which shows explicitly the physical parameter of this superpotential term: K10 and
P10,
50) which like all K- and P -matrices throughout this paper, are respectively a
unitary matrix with three mixing angles and one phase, and a diagonal phase matrix
with determinant equal to one, and the real and positive entries in the diagonal
matrices of Yukawa couplings, Ŷ 5 and Ŷ 10.
By decomposing the two terms in Eq. (2.4) in SM representations, we can split
W
MSSU(5)
M as
W
MSSU(5)
M =W
′MSSM +W
MSSU(5)
M-HC
, (2.5)
with W ′MSSM containing only MSSM fields, W
MSSU(5)
M-HC
collecting all the Yukawa
interactions involving Higgs triplets. The following identification of the MSSM fields
Q, Dc, U c, L and Ec among the components of the MSSU(5) fields 5¯M and 10M :
5¯M → {Dc, e−iφlP †l L}, 10M → {Q,K†10P †10U c, eiφlPlEc}, (2.6)
removes the so-called GUT phases P10 from the MSSM-like part, and reduces the
up-quark Yukawa coupling to be nonsymmetric. After the renaming:
Ŷ 10 → ŶU , Ŷ 5 → ŶD, K10 → KCKM, (2.7)
where Ŷ 5D, Ŷ
10
U and KCKM are, respectively, the diagonal matrices of down- and up-
quark Yukawa couplings, diag(yd, ys, yb), diag(yu, yc, yt), and the CKM matrix, all
at MGUT, the MSSM-like becomes
W ′MSSM = U c
(
ŶUKCKM
)
QHu −Dc ŶDQHd − Ec ŶD LHd, (2.8)
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with the down-quark diagonal Yukawa matrix also in the leptonic term. In its place,
the MSSM superpotential has a different diagonal matrix ŶE, with three additional
independent parameters, ŶE ≡ diag(ye, yµ, yτ ).
Note that the above identification is not unique, and so are the expressions of Y 5
and Y 10 in terms of the physical parameters of W
MSSU(5)
M , and of the MSSM Yukawa
matrices (see Appendix B). The appearance of the three phases eiφlPl shows the
arbitrariness that still remains in choosing the SU(2) doublets and singlet lepton
fields, L and Ec. This will be used to remove three phases in the seesaw sector.
With this identification and the form of W ′MSSM in Eq. (2.8), W
MSSU(5)
M-HC
looks
as
W
MSSU(5)
M-HC
=
1
2
Q
(
KTCKMŶUP10KCKM
)
QHCU + e
+iφl U c
(
ŶUKCKMPl
)
EcHCU
−e−iφl L
(
P †l ŶD
)
QHCD −Dc
(
ŶDK
†
CKMP
†
10
)
U cHCD . (2.9)
It contains all the phases P10 and e
iφlPl rotated away from W
′MSSM. Consistently,
once the Higgs triplets are integrated out, their dependence disappears from the
superpotential below MGUT. A trace of these phases, however, remains in the mod-
ification that the soft SUSY-breaking parameters undergo through renormalization
from Mcut down to MGUT. They remain also in higher-dimension operators gener-
ated by integrating out the colored Higgs triplets, such as the proton-decay operators
discussed in §5.
The term W ′MSSM still differs from the conventional MSSM superpotential as it
lacks the bilinear terms in the two Higgs doublets, with massive coupling µ. Up to
soft SUSY-breaking terms, this parameter and the dynamics leading to the breaking
of SU(5) are determined by W
MSSU(5)
H .
2.2. Higgs sector and SU(5)-breaking vacuum
We assume that the field 24H acquires a nonvanishing VEV of O(MGUT) only
in the hypercharge direction,
〈
2424H
〉
, since 2424H is the only SM singlet among its
components.∗) Elsewhere, this field is denoted by the symbol BH , which indicates
both the complete superfield and its scalar component, like all symbols used for
Higgs fields in this paper. In this section and in Appendix D, where the double use
of the same symbol may generate some confusion, we reserve the symbol 2424H for the
superfield, whereas BH and FBH are used for its scalar and auxiliary components.
The VEV 2424H is decomposed as
〈2424H 〉 = 〈BH〉+ θ2〈FBH 〉, (2.10)
∗) The neutral component of WH in 24H , colorless, could also acquire a VEV once the elec-
troweak symmetry is broken. A dimensional analysis shows that its scalar component, with mass
squared of O(M2GUT), can induce a tadpole term at most of O(m˜
2MGUT), and therefore, a VEV at
most of O(m˜2/MGUT), i.e., completely negligible. We set to zero the VEVs of 5H and 5¯H , which are
also negligible and completely irrelevant to this analysis. Since all the components of 24H have a
mass of O(M2GUT), the vacuum 〈24
24
H 〉 is bound to remain a vacuum, at least locally, even when the
SUSY-breaking terms are included, which have only the effect of producing tiny shifts in its value.
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and the part of the superpotential relevant to its determination is a subset of
W
MSSU(5)
H in Eq. (2
.3):
W2424
H
=
1
2
M24
(
2424H
)2 − 1
6
√
30
λ24
(
2424H
)3
. (2.11)
For vanishing soft SUSY-breaking terms, the scalar potential determining the vac-
uum is simply given by |FBH |2, with
F ∗BH =
∂W (BH)
∂BH
=M24BH − 1
2
√
30
λ24B
2
H . (2.12)
For FBH = 0, a nonvanishing VEV for BH is generated:
〈BH〉 = v24 ≡ 2
√
30
M24
λ24
. (〈FBH 〉 = 0) (2.13)
The VEV v24, which coincides with 〈BH〉 only in the limit of exact SUSY, splits
the masses of the doublet and triplet components of the 5H and 5¯H Higgs fields, the
parameters µ2 and µ3 defined in Appendix A:
µ2 = M5 − 1
2
√
6
5
λ5v24 =M5 − 6λ5 M24
λ24
, (2.14)
µ3 = M5 +
1
3
√
6
5
λ5v24 =M5 + 4λ5
M24
λ24
= µ2 + 10λ5
M24
λ24
. (2.15)
It is clear that M5 and M24, both of O(MGUT), must be fine tuned to render
µ2 of O(Mweak), whereas µ3 is naturally of O(MGUT), i.e., heavy enough not to
disturb the success of the gauge coupling unification. This fine-tuning problem, or
doublet–triplet splitting problem, is typical of GUT models and has spurred many
proposals for its solution.36), 51)–56) The known remedies in the case of SU(5) in four-
dimensional space-time36) require a departure from the assumption of minimality
encoded in W
MSSU(5)
H . Here, we keep this assumption and we agree to tolerate the
severe fine tuning of Eq. (2.14), which is stable under radiative corrections, thanks to
the nonrenormalization theorem for superpotentials. The soft SUSY-breaking scalar
potential is not equally protected and, in general, we expect that the fine tuning to
be performed also in this sector is potentially destabilized by radiative corrections.
This turns out not to be the case, and both tunings are stable.45)
To show this, we start by giving the form of the soft SUSY-breaking scalar
potential:
V˜ MSSU(5) = V˜
MSSU(5)
M + V˜
MSSU(5)
H + V˜
MSSU(5)
gaug , (2.16)
split into a matter part,∗) a purely Higgs-boson part, and a gaugino part:
V˜
MSSU(5)
M =
{
−1
4
1˜0MA
101˜0M5H +
√
2 ˜¯5MA51˜0M 5¯H +H.c.}+1˜0∗Mm˜210M 1˜0M
∗) Note the different conventions for the soft masses of the fields 10M and 5¯M , discussed below
Eq. (E.25) in Appendix E.
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+˜¯5Mm˜25¯M ˜¯5∗M ,
V˜
MSSU(5)
H =
{
B55H 5¯H +Aλ55H24H 5¯H +
1
2
B24(24H )
2 +
1
6
Aλ24(24H)
3 +H.c.
}
+m˜25H5
∗
H5H + m˜
2
5¯H
5¯∗H 5¯H + m˜
2
24H
24∗H24H ,
V˜ MSSU(5)gaug =
1
2
MGG˜5G˜5. (2.17)
The inclusion of the soft SUSY-breaking terms shifts the scalar potential relevant
to the determination of the MSSU(5) vacuum as follows:
VBH = |FBH |2 + V˜BH , (2.18)
where V˜BH is a subset of the potential V˜
MSSU(5)
H in Eq. (2
.17):
V˜BH = m˜
2
24HB
∗
HBH +
{
1
2
B24B
2
H −
1
6
√
30
Aλ24B
3
H +H.c.
}
. (2.19)
Once the soft terms are introduced, in general, also the auxiliary component of 2424H
acquires a VEV and the value of the scalar-component VEV gets modified.16) The
expressions for both these VEVs can be obtained perturbatively, using (m˜/MGUT)
as expansion parameter, where m˜ is a typical soft mass:
〈BH〉 = v24 + δv24 + δ2v24 +O
(
m˜3
M2GUT
)
,
〈FBH 〉 = 0 + F24 + δF24 +O
(
m˜3
MGUT
)
. (2.20)
Here, v24, δv24, and δ
2v24 are respectively of O (MGUT), O (m˜), and O
(
m˜2/MGUT
)
,
whereas F24 and δF24 are of O (m˜MGUT) and O
(
m˜2
)
. A straightforward calculation
yields
δv24 = −
(
B24
M24
− Aλ24
λ24
)∗ v∗24
M24
,
F24 =
(
B24
M24
− Aλ24
λ24
)
v24,
δF24 =
[
m˜224H +
B24
M24
(
B24
M24
− Aλ24
λ24
)∗] v∗24
M24
. (2.21)
The MSSM µ and B parameters are then expressed in terms of 〈BH〉 and
〈FBH 〉:∗)
µ =M5 − 1
2
√
6
5
λ5 〈BH〉 ≡ µ2 + δµ2 +O
(
m˜2
MGUT
)
,
B = B5 − 1
2
√
6
5
(Aλ5 〈BH〉+ λ5 〈FBH 〉) ≡ B2 + δB2 +O
(
m˜3
MGUT
)
, (2.22)
∗) The importance of the correct matching of µ and B to the original GUT parameters is
highlighted in Ref. 57) in the context of no-scale supergravity.
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where µ2 is already defined in Eq. (2.14), and B2 is
B2 = B5 − 1
2
√
6
5
(Aλ5v24 + λ5F24) =
B5
M5
µ2 + 6
λ5
λ24
M24∆, (2.23)
with ∆:
∆ ≡ B5
M5
− Aλ5
λ5
− B24
M24
+
Aλ24
λ24
. (2.24)
Finally, δµ2 and δB2 are
δµ2 = −1
2
√
6
5
λ5δv24 = 6
λ5
λ∗24
M∗24
M24
(
B24
M24
− Aλ24
λ24
)∗
,
δB2 = −1
2
√
6
5
[Aλ5δv24 + λ5δF24]
= −6 λ5
λ∗24
M∗24
M24
[(
B24
M24
− Aλ24
λ24
)∗(B24
M24
− Aλ5
λ5
)
+ m˜224H
]
. (2.25)
The quantities to be fine tuned in these equations are µ2 and B2, and the tuning
conditions to be imposed are
µ2 = O(m˜), ∆ = O
(
m˜2
MGUT
)
. (2.26)
That both these tuning conditions are stable against radiative corrections, as claimed
above, can be seen by making use of the RGEs listed in Appendix E.3 for the param-
eters of the Higgs sector entering the second equalities for µ2 and ∆ in Eqs. (2.14)
and (2.24).
The calculation becomes particularly simple in terms of the RGE for v24, which
we give here together with that for F24:
v˙24 = −γ24 v24,
F˙24 = −γ24F24 − γ˜24 v24. (2.27)
These evolution equations, expressed in terms of the anomalous dimension of the
field 24H , γ24, and its soft counterpart γ˜24, are obtained in a very general way in
Appendix C. Both VEVs exist aboveMGUT. The VEV v24, in particular, determined
by superpotential parameters, is very different, for example, from the MSSM VEVs
vu and vd, determined by Ka¨hler potential parameters and whose existence is not
guaranteed at all scales. The RGE for F24 shows that a nonvanishing value for this
VEV is generated through radiative corrections, even when starting with a vanishing
one at some scale. Since it will be of use later on, we define here also the quantity
f24, i.e., the ratio of the two VEVs:
f24 ≡ F24
v24
=
(
B24
M24
− Aλ24
λ24
)
, (2.28)
with the simple evolution equation:
f˙24 = −γ˜24. (2.29)
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The RGEs for δv24, δF24, and δ
2v24, are very different as these quantities depend
on the Ka¨hler potential (see Appendix C), which gets vertex corrections at the loop
level.
A consequence of the first RGE in Eq. (2.27) is that λ5v24 evolves as M5, and
so does µ2:
µ˙2 =
(
γ5H + γ5¯H
)
µ2. (2.30)
Since the quantity ∆ turns out to be scale invariant:
∆˙ = 0, (2.31)
B2 evolves also like B5:
B˙2 =
(
γ5H + γ5¯H
)
B2 +
(
γ˜5H + γ˜5¯H
)
µ2. (2.32)
This is sufficient to prove that the tuning for µ2 and B2 is not destabilized by quan-
tum corrections. Note that no specific ansatz was made for the boundary conditions
assigned to the trilinear couplings Aλ5 and Aλ24 , and the bilinear couplings B5 and
B24, except that they are of O(m˜) and O(m˜MGUT), respectively.
On the other hand, the specific values chosen for µ2 and ∆ in Eq. (2.26) can
affect the values of the boundary conditions for the MSSM parameters µ and B. We
take as an example minimal supergravity, in which at Mcut, the soft masses for all
scalar fields are m˜0, all ratios of trilinear couplings over the corresponding Yukawa
couplings are (Aλi/λi)(Mcut) = A0, and all ratios of heavy bilinear parameters over
the corresponding superpotential masses are (Bi/Mi)(Mcut) = B0, with
B0 = A0 − m˜0. (2.33)
In this context, at Mcut, it is ∆ = 0, and if the value of µ2(Mcut) = 0 is imposed, we
obtain for the boundary condition of the MSSM µ parameter: µ(Mcut) = δµ2(Mcut),
with
δµ2(Mcut) = −6m˜0
[(
λ5
λ∗24
)(
M∗24
M24
)]
(Mcut), (2.34)
and for the boundary condition of the MSSM B parameter:16)
B(Mcut) = 2m˜0δµ2(Mcut). (2.35)
In contrast, if µ2(Mcut) (and therefore, µ(Mcut)) is a nonvanishing arbitrary quantity
of O(m˜), the relation between the boundary conditions of B and µ is also arbitrary:
B(Mcut) = [B0µ2(Mcut) + 2m˜0δµ2(Mcut)] , (2.36)
with B0 in Eq. (2.33) and δµ2(Mcut) in Eq. (2.34).
For completeness, we give here also the tree-level mass of the triplet Higgs fields
including the small correction δµ3, of O(m˜), due to the term δv24 of the VEV 〈BH〉:
MHC ≡ µ3 + δµ3 = µ+ 10λ5
M24
λ24
− 10 λ5
λ24
M∗24
M24
(
B24
M24
− Aλ24
λ24
)∗
. (2.37)
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We also collect together the various pieces of the parameters µ and B:
µ =
[
M5 − 6λ5M24
λ24
]
+ 6
λ5
λ∗24
M∗24
M24
(
B24
M24
− Aλ24
λ24
)∗
,
B =
B5
M5
µ− 6 λ5
λ∗24
M24
M∗24
[(
B24
M24
− Aλ24
λ24
)∗(
2
B24
M24
− Aλ24
λ24
)
+ m˜2
]
. (2.38)
Note that, differently from µ2, the quantities δµ2 and δµ3 do not evolve like all the
superpotential dimensionful parameters. In a similar way, δB2 does not evolve like
a typical bilinear soft parameter, whereas B2 does. This is because their expressions
contain δv24 and δF24. Thus, above MGUT, the MSSM µ and B parameters as well
as the small correction to MHC of O(m˜) also have nonconventional RGEs.
The derivation of 〈BH〉 and 〈FBH 〉 in this section allows for independent phases
of M24 and λ24. It is possible, however, to redefine the field 24H in such a way to
align them. That is, without any loss of generality, it is possible to take v24 to be
real, which is what will be assumed hereafter. In contrast, the phases of the shifts
δv24, F24, and δF24 depend on those of the bilinear and trilinear terms in V˜
MSSU(5)
H .
2.3. Seesaw sector
The seesaw mechanism is a mechanism that generates the effective dimension-
five operator for Majorana neutrino masses:
Wν = −1
2
LHuκLHu, (2.39)
where the symmetric matrix κ is a dimensionful parameter of O(M−1ssw). This operator
is obtained by integrating out the heavy seesaw degrees of freedom at the scaleMssw.
The mechanism is depicted in Fig. 1, where a solid (broken) line indicates a fermion
(boson) or, in a supersymmetric context, a superfield with a Z2 odd (even) R-parity.
L L
H
u
H
u
M
L L
H
u
H
u
M
L L
H
u
H
u
→ or
Fig. 1. The seesaw mechanism.
At the tree level, there are only two dia-
grams that can give rise to the above ef-
fective operator, one mediated by a solid
line and one by a broken line.
Taking into account the gauge
structure, it may seem at first glance
that in both cases, the inner line that
represents the mediatorM can be a sin-
glet or triplet of SU(2). In reality, the
possibility of the singlet scalar mediator
M is forbidden by the multiplication rule of SU(2): 2× 2 = 1A + 3S , where the in-
dices A and S indicate antisymmetric and symmetric products, respectively. Thus,
there are only three types of seesaw mechanism, with mediators:
singlet fermions : type I,
a triplet scalar : type II,
triplet fermions : type III,
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i.e., the RHNs N c, a triplet Higgs boson T , and matter triplets WM , respectively.
They interact with the lepton doublets through the large Yukawa couplings Y iν (i =
I, II, III):
N cY IνLHu,
1√
2
LY IIν TL, HuWMY
III
ν L. (2.40)
With a minimal completion, we obtain the seesaw superpotentials:∗)
Wssw I = N
cY IνLHu +
1
2
N cMNN
c,
W ′ssw II =
1√
2
LY IIν TL+
1√
2
λT¯HuT¯Hu +MTT T¯ ,
W ′ssw III = HuWMY
III
ν L+
1
2
WMMWMWM , (2.41)
where, of the three superheavy masses MN , MT , and MWM , the first and the third
are two 3 × 3 matrices, MT is just a number. Following Appendix B, it is easy to
see that Y Iν and Y
III
ν are complex matrices with fifteen parameters, whereas Y
II
ν is a
nine-parameter symmetric complex matrix.
By integrating out the mediators in the superpotentials of Eq. (2.41), and re-
placing Hu by its VEV vu, we obtain relations between the neutrino mass matrix,
κv2u, and the seesaw Yukawa couplings:
mν = κv
2
u =

(
Y Iν
)T 1
MN
(
Y Iν
)
v2u for type I,
Y IIν
1
MT
λT¯ v
2
u for type II,
1
2
(
Y IIIν
)T 1
MWM
(
Y IIIν
)
v2u for type III.
(2.42)
(See Appendix A for the normalization of the field WM , which is in the adjoint
representation of SU(2).)
The neutrino mass matrix is usually expressed as
mν = V
∗
MNS m̂νV
†
MNS. (2
.43)
In the basis in which the Yukawa coupling for the charged leptons is diagonal, the
MNS matrix VMNS, a unitary matrix with three mixings and three phases, is the
diagonalization matrix of mν . It is often parametrized as V
∗
MNS = KMNSPMNS,
where KMNS is a KCKM-like matrix, with three mixing angles and one phase, PMNS
is a two-phase matrix, the so-called Majorana phases.
In the same basis, it is possible to invert the relations in Eq. (2.42), solve for
the couplings Y iν (i= I,II,III) in terms of mν , and therefore, obtain the high-energy
neutrino parameters in terms of those that can be tested at low energy, VMNS and
∗) We distinguish by a prime the second and third superpotentials from Wssw II and Wssw III
listed in Appendix E, which contain more operators and fields, not needed for the implementation
of the seesaw mechanism in the MSSM context, but necessary for the completion of the seesaw
sectors of types II and III in the MSSU(5) model.
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m̂ν . In the case of the seesaw of type II, because the mediator has no flavour,
the high-energy input in the neutrino mass matrix is just a number, i.e., the ratio
λT¯ /M
II
M, and the flavour structure of Y
II
ν is the same as that of the neutrino mass
mν . Thus, the expression for Y
II
ν is rather simple:
Y IIν =
1
v2u
V ∗MNS m̂νV
†
MNS
MT
λT¯
. (2.44)
The corresponding ones for types I and III, in which the mediators carry flavour
indices, are far more involved. The neutrino mass matrix, which depends on a large
number of high-energy parameters, has a flavour structure different from those of Y Iν
and Y IIIν . In a basis in which also the mediator masses are diagonal, these couplings
can be expressed as (
Y Iν
)T
=
1
vu
V ∗MNS
√
m̂ν R
√
M̂N ,(
Y IIIν
)T
=
√
2
vu
V ∗MNS
√
m̂ν R
√
M̂WM . (2.45)
Here, an arbitrary complex orthogonal matrix R,58) parametrized by three (arbi-
trary) mixing angles and three phases, appears. Note also that in these two cases,
mν is quadratic in Y
I
ν and Y
III
ν , whereas in the seesaw of type II, it is linear in Y
II
ν .
In SU(5), the multiplets respectively containing the mediators of the seesaw of
types I, II, and III are matter singlets, or RHNs N c, a 15plet Higgs field, 15H , and
three adjoint matter fields, 24M , distinguished from the Higgs field 24H by the index
M , for matter. The components of the fields 24M are denoted as GM , WM , XM ,
X¯M , and BM , whereas, in addition to the triplet Higgs T , 15H contains also the
fields S and Q15 (see Appendix A). The complete seesaw superpotentials are
∗)
WRHN = −N cY IN 5¯M5H +
1
2
N cMNN
c,
W15H =
1√
2
5¯MY
II
N 15H 5¯M +M1515H 1¯5H
+
1√
2
λD 5¯H15H 5¯H +
1√
2
λU 5H 1¯5H5H + λ1515H24H 1¯5H ,
W24M = 5H24MY
III
N 5¯M +
1
2
24MM24M 24M
+
1
2
∑
x=S,A
(
24MY
x
24M 24M
)
x
24H , (2.46)
where the index x in the last term of the third of these equations refers to the
symmetric and antisymmetric products of the two 24M (see Appendix A). If not
small, the couplings λ15 and Y
x
24M
(x = S,A) can easily spoil the gauge coupling
∗) The superpotentials Wssw II and Wssw III listed in Appendix E, which differ from W
′
ssw II and
W ′ssw III of Eq. (2.41), are obtained from the following W15H and W24M by integrating out the triplet
Higgs fields HCU , and by taking the limit Y
S,A
24M
= 0 in Wssw III.
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unification. For this reason, in this analysis, we take them to be vanishing, and
therefore, the mass term for the mediators 15H and 24M is approximately given
by the second term in W15H and W24M, respectively. The couplings Y
I
N and Y
III
N
are generic complex matrices, Y IIN is a symmetric complex one, with, respectively,
eighteen and twelve irreducible parameters.
When expanding these terms in their SM representations (see Appendix A for
details), in the SM basis of Eq. (2.6), these Yukawa interactions become
−N cY IN 5¯M5H → N cY IνLHu − eiφlN c
(
Y IνPl
)
DcHCU ,
5¯MY
II
N 15H 5¯M → LY IIν TL−
√
2eiφlDc
(
PlY
II
ν
)
LQ15
+ei2φlDc
(
PlY
II
ν Pl
)
SDc,
5H24MY
III
N 5¯M → HuWMY IIIν L−
√
6
5
1
2
HuBMY
III
ν L
+eiφlHuX¯MY
III
ν PlD
c + eiφlHCUGMY
III
ν PlD
c
+ eiφl
√
6
5
1
3
HCUBMY
III
ν PlD
c + HCUXMY
III
ν L. (2.47)
Note that the couplings Y iN (i = I, II, III) are substituted by the couplings Y
i
ν of
Eqs. (2.40), (2.44), and (2.45), which have less independent parameters, as three
phases were removed by using the three unfixed phases eiφlPl in Eq. (2.6). The
dependence on these phases, however, is not totally eliminated. They reappear in
terms containing either the triplet Higgs field, HCU , or a component of the seesaw
mediators, and, depending on the type of seesaw implemented, are to be identified
with the phases eiφiPi (i = I, II, III) of Appendix B.
One feature of the seesaw of type III becomes very evident through the expansion
of the term 5H24MY
III
N 5¯M . The component BM of 24M interacts with the compo-
nents of the fields 5H and 5¯M as the RHNs N
c, except for different group factors.
Thus, the implementation of a seesaw of type III in the MSSU(5) model is connected
to that of type I, and the relation of Eq. (2.42), in which the superscript label is now
somewhat of a misnomer, must be modified:
mν = κv
2
u =
[
1
2
(
Y IIIν
)T 1
MWM
(
Y IIIν
)
+
3
10
(
Y IIIν
)T 1
MBM
(
Y IIIν
)]
v2u. (2.48)
For simplicity, the same symbol Y IIIν is used for the couplings in the two terms, but
in reality, these differ by small SU(5)-breaking corrections.
Last, but not least, these decompositions show clearly that the Yukawa cou-
plings Y iν (i = I, II, III) induce flavour violations in both the scalar sector of leptons
and right-handed down quarks in a related way. Differently than in the seesaw of
type I, where the second interaction in the first decomposition decouples at MGUT,
in the seesaw of type II, all three interactions in the second decomposition remain
active down to Mssw, which differ by at least a couple of orders of magnitude from
MGUT. The situation is more complicated in the case of the seesaw of type III. The
consequences of this feature will be discussed in §11.
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We close this section by giving also the soft part of the scalar potential for the
three types of seesaw mechanism:∗)
V˜RHN =
{
−N˜ cAIN ˜¯5M5H + 12N˜ cBN N˜ c + H.c.}+ N˜ cm˜2NcN˜ c∗,
V˜15H =
{ 1√
2
˜¯5MAIIN15H ˜¯5M +B1515H 1¯5H
+
1√
2
AλD 5¯H15H 5¯H +
1√
2
AλU 5H 1¯5H5H +Aλ1515H24H 1¯5H + H.c.
}
+m˜215H15
∗
H15H + m˜
2
1¯5H
1¯5∗H 1¯5H ,
V˜24M =
{
5H 2˜4MA
III
N
˜¯5M + 1
2
2˜4MB24M 2˜4M
+
1
2
∑
x=S,A
(
2˜4MA
x
24M
2˜4M
)
x
24H + H.c.
}
+ 2˜4Mm˜
2
24M
2˜4
∗
M . (2.49)
§3. Effective couplings at the tree level in the SUSY-conserving sector
Nonrenormalizable operators exist in every effective model, and in general, all
NROs allowed by the symmetries of the model do appear. The peculiarity of GUT
models in this respect is that they postulate the existence of a large scale not far
from Mcut. Therefore, NROs in these models can be far less suppressed than, say,
in the SM.
Those that immediately come to mind in the context of the MSSU(5) model are
the NROs obtained from renormalizable operators in which the field 24H is inserted
in all possible ways. Neglecting for a moment the dynamical part of 24H , it is easy to
see that the large VEVs of its component BH , in this discussion safely approximated
by v24 and F24, can partially compensate for the huge suppression coming from
inverse powers of Mcut. The result is a milder suppression factor:
s ≡ v24
Mcut
, (3.1)
a quantity of order 10−2, or larger if the GUT scale is closer toMcut. This is too large
to assume that NROs can be neglected. Since it is difficult to explain theoretically
why their coefficients are exactly vanishing or very small, NROs should actually be
considered as an integral part of the MSSU(5) model itself.
In this section, we discuss NROs of this type in the SUSY-conserving sector
of our theory. We postpone the study of those in the SUSY-breaking sector to §6.
Nonrenormalizable operators that do not contain the adjoint field 24H can also play
an important role in low-energy physics. An example is given by the following class
∗) The conventions for the soft mass terms of the fields Nc and 24M are discussed below
Eq. (E.25) in Appendix E.
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of NROs, which may be used to suppress the decay rate of the proton:
OpPD =
∑
n
1
Mcut
(
CPDn
)hijk
(10M )h(10M )i(5¯M )j(10M )k
(
24H
Mcut
)n
. (3.2)
(See details of the actual form of this class of operators in Appendix A.) A discussion
on this issue is postponed to §5.
3.1. Effective Yukawa couplings
Nonrenormalizable operators in the Yukawa sector of the superpotential are
obtained by inserting in all possible ways powers of the field 24H , for example, in
the two Yukawa operators of Eq. (2.2). We obtain the two classes of NROs Op5 and
Op10, with Op5 given by
Op5 =
k∑
n+m=0
√
2 5¯M C
5
n,m
(
24TH
Mcut
)n
10M
(
24H
Mcut
)m
5¯H , (3.3)
where 24TH is the transpose of 24H . For the explicit expression of Op
10, with coeffi-
cients C10n1,n2,n3,n4,n5 , we refer the reader to Appendix A. The NROs with n, m, and
ni simultaneously vanishing in Op
5 and Op10 are the renormalizable ones listed in
Eq. (2.2), with C50,0 ≡ Y 5 and C100,0,0,0,0 ≡ Y 10. We shall sometimes refer to them as
Op5|4 and Op10|4.
In general, there exist other NROs that differ from these by the trace of a product
of an arbitrary number of 24H fields, duly suppressed by the same number of factors
1/Mcut: Op
i ′ = Opi × ∏j Tr(24H/Mcut)kj (i = 5, 10). The corrections that they
induce to the various Yukawa couplings can be reabsorbed into those coming from
Op5 and Op10, once the field 24H is replaced by its VEV. Therefore, we neglect such
NROs in the following discussion.
The dimension-five operators often discussed in the literature are
Op5|5 =
√
2
Mcut
(
5¯M C
5
1,0 24
T
H10M 5¯H + 5¯M C
5
0,1 10M24H 5¯H
)
,
Op10|5 = − 1
4Mcut
(
10M C
10
A 10M 24H 5H + 10M C
10
S 10M5H 24H
)
, (3.4)
where C10A and C
10
S correspond to linear combinations of some coefficients of Op
10:
C10A =
[
C10T1,0,0,0,0 + C
10T
0,1,0,0,0 + C
10
0,0,1,0,0 + C
10
0,0,0,1,0
]
A
,
C10S = C
10
0,0,0,0,1 −
[
C10T1,0,0,0,0 + C
10T
0,1,0,0,0 + C
10
0,0,1,0,0 + C
10
0,0,0,1,0
]
S
, (3.5)
and the indices S and A outside square brackets denote, respectively, the sym-
metrized and antisymmetrized forms of the matrices contained inside. We recall
that 10 × 10 = 5S + 45A + 50S and 5 × 24 = 5 + 45 + 70. Thus the antisymmetric
matrix C10A corresponds to the coupling for the irreducible interaction between the
two fields 10M combined into a 45 representation of SU(5) and the fields 5H and 24H ,
combined into a 45. The matrix C10S , which is symmetric because C
10
0,0,0,0,1 (like Y
10)
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is also a symmetric matrix, corresponds to the coupling for the irreducible interac-
tion in which the two fields 10M and the fields 5H and 24H combine, respectively,
into a 5¯ and a 5 representation of SU(5).
As for the dimension-six NROs, Op5|6 can be easily read off from Eq. (3.3);
Op10|6 is given in Appendix A.
Neglecting the dynamical part of the field 24H , after the substitution 24
24
H → v24,
Op5 and Op10 decompose into effective renormalizable operators. In particular, in
the case of Op5, we obtain:∗)
−DcY 5DQHd, −Ec(Y 5E )TLHd, −DcY 5DUU cHCD , −LY 5LQQHCD , (3.6)
with couplings Y 5i (i = D,E,DU,LQ):
Y 5i =
k∑
n+m=0
Y 5i |n+m =
k∑
n+m=0
C5n,m s
(n+m)
((
I5¯M
)
i
)n ((
I5¯H
)
i
)m
, (3.7)
where (I5¯M )i and (I5¯H )i collect the hypercharge values:(
I5¯M
)
i
=
√
6
5
{
+
1
3
,−1
2
,+
1
3
,−1
2
}
,
(
I5¯H
)
i
=
√
6
5
{
−1
2
,−1
2
,+
1
3
,+
1
3
}
. (i = D,E,DU,LQ) (3.8)
In these definitions, a boldface type is used to distinguish the effective Yukawa cou-
plings from the usual ones, and all boldfaced quantities appearing hereafter are
assumed to incorporate in some way the effect of NROs in which the substitution
2424H → v24 is made. Indices are attached to these effective couplings consisting in
the sequence of flavour fields in the effective renormalizable operators in which these
couplings appear. We have used, however, Y 5D and Y
5T
E , and not Y
5
DQ and Y
5T
LE ,
for the couplings that exist also in the MSSM, such as YD and YE. In a similar way,
Y 10U will be used later instead of Y
10
UQ.
Specifically, up to O(s2), the couplings Y 5i are
Y 5D = Y
5 +
√
6
5
(
1
3
C51,0 −
1
2
C50,1
)
s+O(s2),
Y 5E = Y
5 −
√
6
5
(
1
2
C51,0 +
1
2
C50,1
)
s+O(s2),
Y 5DU = Y
5 +
√
6
5
(
1
3
C51,0 +
1
3
C50,1
)
s+O(s2),
Y 5LQ = Y
5 −
√
6
5
(
1
2
C51,0 −
1
3
C50,1
)
s+O(s2), (3.9)
from which, being Y 5D−Y 5E =
√
(5/6)C51,0s, it becomes clear that only one NRO of
dimension five, that with coefficient C51,0, is sufficient to correct the wrong fermion
∗) At the GUT threshold, the MSSM coupling YE has to be identified with (Y
5
E )
T .
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spectrum of the minimal model. Once this is introduced, however, it is difficult to
explain why the other NRO of dimension five, as well as NROs of higher dimensions
in Op5, should be absent. We keep our formalism as general as possible and postpone
to later the issue of the level of precision in s that it is reasonable to require.
It is easy to see from this expansion that, for each element (h, k), the effective
couplings Y 5i satisfy the conditions:∣∣∣(Y 5i − Y 5i′)(h,k)∣∣∣ ≤ O(s), (i, i′ = D,E,DU,LQ)∣∣∣(Y 5D − Y 5E + Y 5LQ − Y 5DU)(h,k)∣∣∣ ≤ O(s2). (3.10)
This last combination vanishes exactly if only NROs of dimension five are introduced.
We refer to these relations as the O(s)- and O(s2)-constraints. They help fixing,
respectively, the O(1) and O(s) contributions to the effective couplings Y 5i , proving
themselves a very useful tool in selecting the appropriate boundary conditions for
the various Y 5i . Note that there are no O(s3)-constraints. These constraints, like all
the others listed in this section, as well as those in §§6.1 and 7.1 for effective trilinear
couplings, are derived in SU(5)-symmetric bases.
The effective renormalizable operators induced by Op10, with effective couplings
Y 10j labelled by the index j = {U,UE,QQ}, are
U cY 10U QHu, U
cY 10UEE
cHCU ,
1
2
QY 10QQQH
C
U . (3.11)
Because of its complexity, we refrain in this case from giving general expressions
of the effective couplings Y 10j in terms of the coefficients appearing in Op
10. We
give explicitly only the expansion up to O(s2), the counterpart of Eq. (3.9) for the
effective couplings Y 5i :
Y 10U = Y
10 −
√
6
5
(
1
2
C10S −
5
6
C10A
)
s+O(s2),
Y 10QQ = Y
10 +
√
6
5
(
1
3
C10S
)
s+O(s2),
Y 10UE = Y
10 +
√
6
5
(
1
3
C10S +
5
3
C10A
)
s+O(s2). (3.12)
Note that Y 10QQ, as expected, is symmetric, whereas Y
10
U and Y
10
UE are not.
The corresponding O(s)- and O(s2)-constraints for these couplings are∣∣∣(Y 10j − Y 10j′ )(h,k)∣∣∣ ≤ O(s), (j, j′ = U,UE,QQ)∣∣∣∣(Y 10QQ − (Y 10UE)S)(h,k)
∣∣∣∣ ≤ O(s2),∣∣∣∣(2(Y 10U )A − (Y 10UE)A)(h,k)
∣∣∣∣ ≤ O(s2),
(3.13)
where, as in the case of the effective couplings Y 5i , the left-hand side of the two
O(s2)-constraints vanishes identically if NROs of dimension six and higher in Op10
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are vanishing. Also in this case, the O(s)- and O(s2)-constraints fix or help fix the
contributions of O(1) and O(s) to the effective couplings Y 10j , for which there are
no O(s3)-constraints.
Nonrenormalizable operators in the seesaw Yukawa sector are less relevant than
those discussed until now, which can give O(1) corrections to the Yukawa couplings
of first- and second-generation fermions. Since we expect the renormalizable Yukawa
couplings in the seesaw sector to be rather large, NROs in this sector play subleading
roles, unless their coefficients are considerably larger than O(1). That remains true,
of course, as long as s is ∼ 10−2 and the seesaw scale is ∼ 1014GeV. (The situation
could, however, change if the values of s and/or of Mssw were modified even by a
not too large amount.) Nevertheless, we consider NROs also in the seesaw sectors,
in order to have a description of all NROs relevant to flavour violation at the same
order in s.
By inserting powers of the field 24H in the first term of WRHN in Eq. (2.46), we
obtain the class of operators OpNI for the seesaw of type I:
OpNI = −
k∑
n=0
N cC(NI)n 5¯M
(
24TH
Mcut
)n
5H , (3.14)
with C
(NI)
0 ≡ Y IN . We do not include NROs for the mass term (1/2)N cMNN c.
After the substitution 2424H → v24, OpNI decomposes in the effective renormalizable
operators:
N cY INLHu, −N cY INDDcHCU , (3.15)
with effective couplings defined as
Y Ih =
k∑
n=0
Y Ih |n =
k∑
n=0
CNIn s
n
(
(−I5H )h
)n
, (h = N,ND) (3.16)
in which the hypercharge factors in (I5H )h are
(−I5H )h =
√
6
5
{
−1
2
,
1
3
}
. (h = N,ND) (3.17)
Thus, up to O(s2), Y IN and Y IND have the very simple expression:
Y IN = Y
I
N −
√
6
5
1
2
CNI1 s+O(s2),
Y IND = Y
I
N +
√
6
5
1
3
CNI1 s+O(s2), (3.18)
and must satisfy only one constraint:∣∣∣(Y IN − Y IND)(h,k)∣∣∣ ≤ O(s). (3.19)
There are no O(s2)- and O(s3)-constraints on the effective couplings Y Ih, while
O(s2)-constraints exist in the case of the other two seesaw types.
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The treatment for the seesaw of types II and III is not explicitly reported here,
as it is completely straightforward. As in type I, only the first interaction term in
W15H and the first in W24M are generalized to the classes of operators Op
NII and
OpNIII. We neglect NROs for the other two terms in W24M because they involve
only heavy fields. The same is true for the terms M1515H 1¯5H and λ1515H24H 1¯5H
in W15H. We actually neglect NROs for all terms of W15H, except for the first one,
as they do not contain flavour fields. The small modifications that NROs would
induce in the couplings of the terms involving the fields 5H and 5¯H in W15H are of
no consequence to our discussion of sFVs (see also §3.2).
The picture of effective Yukawa couplings is particularly appealing because, for
a given value k taken as an upper limit of the sums in Op5, Op10, and OpNI , only
few linear combinations of the many coefficients, C5n,m, C
10
n1,n2,n3,n4,n5 , and C
NI
n , in
these sums are physically relevant. These are the four, three, and two combinations
defining Y 5i , Y
10
j , and Y
I
h, respectively. For example, for the effective couplings
Y 5i , the number of these combinations, four, is smaller than the number obtained
summing the number of couplings of the minimal model, one, i.e., Y 5, plus the
number of coefficients of the relevant NROs up to dimension 4 + k. This is true
except in the cases k = 0, 1. For k = 0, there is only the original coupling of the
renormalizable operator, Y 5, versus the four effective couplings Y 5i , giving rise to
three O(s)-constraints. Similarly, for k = 1, there are three original couplings, Y 5,
C51,0, C
5
0,1, versus four effective couplings, inducing one O(s2)-constraint. Clearly,
there are no O(s3)-constraints, as the number of original couplings exceeds already
the number of effective couplings. The same reasoning holds for the other two types
of effective couplings Y 10j and Y
I
h.
The possibility of incorporating the effects of NROs in the classes Op5, Op10, and
OpNI (as well as OpNII and OpNIII) of dimensions large enough could be particularly
important in models with s > 10−2.
The main question here is whether it is possible to promote this picture to the
quantum level. This issue will be discussed in §10.1. For the remainder of this
section, we shall continue the survey of the different NROs in the SUSY-conserving
part of our model, irrespective of how they should be treated at the quantum level.
3.2. NROs in the superpotential Higgs sector
In addition to the NROs listed above, there are also NROs in the Higgs sector:
Op5H =Mcut
k+1∑
n=0
C5Hn 5H
(
24H
Mcut
)n
5¯H ,
Op24H=M3cut
k+3∑
∑
nj=2
C24Hn1,··· ,nj ,···
∏
j
1
nj!
Tr
(
24H
Mcut
)nj
, (3.20)
where it is C5H0 = M5/Mcut, C
5H
1 = λ5, in the first class of operators, and C
24H
2 =
M24/Mcut, C
24H
3 = λ24, in the second one. Effective couplings can be defined also
in this case. For example, there are two effective couplings (M 5)p (p = HCUH
C
D ,HuHd)
for the two operators in Eq. (A.8) in Appendix A, and six couplings (λ5)q (q =
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HCUGHH
C
D ,··· ,HuBHHd), for the six operators in Eq. (A.9). We do not give here their
expressions in terms of the original couplings C5Hn . These can be easily obtained as
follows:
(M5)HuHd =
∂ W
nrMSSU(5)
H
∂Hu∂Hd
∣∣∣
2424
H
→v24
=
∂ Op5H
∂Hu∂Hd
∣∣∣
2424
H
→v24
,
(λ5)HuBHHd =
∂W
nrMSSU(5)
H
∂Hu∂BH∂Hd
∣∣∣
2424
H
→v24
=
∂ Op5H
∂Hu∂BH∂Hd
∣∣∣
2424
H
→v24
, (3.21)
where W
nrMSSU(5)
H is the Higgs sector superpotential completed with NROs.
In general, NROs in the Higgs sector induce small shifts in the vacuum condition
discussed in §2.2, unless the trilinear coupling λ24 is small. In this case, NROs can
drastically modify the vacuum structure,42) even sizably increasing the value of v24.
In turn, the factor s also increases, and the effect of NROs on low-energy physics can
be significantly enhanced. We keep away from such a possibility by assuming λ24
to be of O(1). Thus, the effect of Op5H and Op24H is that of producing small shifts
in massive and massless parameters in the Higgs sector by ratios of O(s), and the
vacuum structure of the minimal model can be regarded as a good approximation
also when NROs in the Higgs sector are nonvanishing. We neglect these effects, which
introduce only small flavour-blind shifts in sFVs induced by Yukawa couplings, and
in the same spirit, we neglect also the effect of NROs in the purely Higgs-boson
sector of the seesaw of type II (see also §10.1).
Before closing this section, we would like to emphasize that the evolution equa-
tions for the VEVs in Eq. (2.27) remain valid also when NROs in the Higgs sector
are nonvanishing. They obviously apply in this case to the modified VEVs and must
be written in terms of the modified γ24 and γ˜24. They remain valid, regardless of the
value of λ24, i.e., of whether the VEVs modifications are small or large. As shown
in Appendix C, these RGEs hold quite model-independently. Thus, the approxima-
tion made here plays no role on whether the picture of effective couplings can be
maintained at the quantum level.
3.3. NROs in the SUSY-conserving part of the Ka¨hler potential
One of the lamented problems when dealing with NROs is that they spoil the
usual requirement of minimality of the Ka¨hler potential. Indeed, NROs such as
OpK1
5¯M
=
k∑
m=1
5¯M C
K,5¯M
0,m
(
24∗H
Mcut
)m
5¯∗M , (3.22)
OpK2
5¯M
=
k∑
n+m = 2
n,m 6= 0
5¯M C
K,5¯M
n,m
(
24TH
Mcut
)n(
24∗H
Mcut
)m
5¯∗M , (3.23)
their Hermitian conjugates, (OpK1
5¯M
)∗, (OpK2
5¯M
)∗, as well as NROs as∗)
(1/Mcut)5
∗
H10Mf15¯M , (f2/M
2
cut)5¯
∗
M10
∗
M10M 5¯M , (3.24)
∗) For the coupling f2, we omit both SU(5) and flavour indices.
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do precisely that. In addition, even if accidentally vanishing at the tree level, they
are induced at the quantum level by interactions in the superpotential.
In a basis with canonical kinetic terms at the renormalizable level, in which the
renormalizable operator 5¯M 5¯
∗
M has a coupling equal to the unit matrix, the coeffi-
cients of NROs in OpK1,5¯M , OpK2,5¯M , and f1, f2 are, in general, flavour-dependent.
Indeed, by postulating a nontrivial flavour structure of the coefficients in Op5, Op10,
etc. in the superpotential, we have already assumed that the unknown dynamics
generating NROs depends on flavour.
Nonrenormalizable operators of the first type, with only one antichiral or only
one chiral superfield, can be reabsorbed by field redefinitions:
5¯M → 5¯M −
k∑
n=0
(
CK,5¯M0,m
)∗(24H
Mcut
)m
5¯M + · · · . (3.25)
Once this is done, however, it is impossible to reabsorb those of the second type
through supersymmetric field redefinitions, which must preserve chirality. Thus,
NROs of the second type, in general, cannot be avoided. The deviation from mini-
mality that they produce is, however, at most of O(s2).
We do not try to control in this framework the loop effects of such NROs, of
O(s2 × sloop), where sloop is the usual loop-suppression factor:
sloop =
1
16π2
, (3.26)
accidentally of the same order of s, but, possibly, smaller in models in which MGUT
and Mcut differ by less than the usual two orders of magnitude. This is because, as
will be discussed in §10, the picture of effective couplings at the quantum level can
be retained if we restrict ourselves to an accuracy of O(s× sloop) for the calculation
of sFVs. Thus, NROs of dimension six can contribute to sFVs, but only at the tree
level, whereas those of dimension five contribute also at the one-loop level.
Among the surviving dimension-six NROs, with more than one chiral and more
than one antichiral superfield, those consisting only of light fields are completely
irrelevant. The operator (f2/M
2
cut)5¯
∗
M10
∗
M10M 5¯M , in Eq. (3
.24), for example, vio-
lates baryon number. Its contribution to the proton-decay rate, however, can be
safely neglected since it is much smaller than those from the dimension-five NRO
in OpPD (see Eq. (3.2)) and the effective dimension-six operators induced by the
exchange of SU(5) gauge bosons, which have a suppression factor 1/M2GUT instead
of 1/M2cut.
Other dimension-six NROs containing a pair of one chiral and one antichiral
dynamical field 24H can only affect GUT-scale physics, at least, at the tree level,
and are, therefore, irrelevant to our discussion. The same NROs in which the two
fields 24H are replaced by the scalar VEV v24 can certainly be removed by SU(5)-
breaking field redefinitions. Whether this is true also in the case in which one or both
fields 24H acquire the VEV F24 will be discussed in §8 (see in particular Eqs. (8.22)-
(8.24)).
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§4. Parameter counting for effective Yukawa couplings
The high-scale boundary values of the SU(5)-breaking effective Yukawa couplings
must be selected in a large space of free parameters. For a correct counting of
the number of those that are physical, it is convenient to express the matrices of
effective Yukawa couplings in terms of their diagonalized forms and rotation matrices.
Like the CKM matrix in the SM, only the matrices of mismatch between different
rotation matrices are of physical relevance. Possible parametrizations for them will
be discussed and the role that they play for sFVs will be highlighted.
For simplicity, we neglect NROs in the seesaw sector, as their effect, compared
with the renormalizable ones with couplings of O(1), is expected to be much smaller
than the effect they have in the 5¯M and 10M sectors. The generalization to the case
in which they are nonvanishing is straightforward and does not add any insight to
this discussion. Moreover, when considering seesaw couplings, we concentrate on the
seesaw of type I. Those of types II and III can be dealt in a similar way.
We start by reviewing in more detail the case of the MSSM(5) model, already
outlined in §2.1 and Appendix B.
4.1. Limit s→ 0
In the case of vanishing NROs, suitable rotations of the fields 10M and 5¯M allow
to reduce the set of Yukawa couplings Y 5, Y 10, and Y IN to their physical parameters:
Y 5 → Ŷ 5,
Y 10 → KTCKM Ŷ 10P10KCKM,
Y IN → eiφIY IνPI. (4.1)
In addition to the three real and positive elements in each of the matrices Ŷ 5 and
Ŷ 10, the four independent parameters of KCKM, and the fifteen elements in Y
I
ν ,
together with the three eigenvalues MˆN , all present also in the MSSM with a seesaw
of type I, there are the five physical phases, P10, PI and φI.
Once we decompose in their SM representations the two Yukawa operators of
the minimal model, and that for the seesaw of type I, and we denote as Y 5i (i =
D,E,DU,LQ), Y 10j (j = U,UEQQ), and Y
I
h (h = N,ND) the couplings of the resulting
operators (they are the couplings of Eqs. (3.6), (3.11), and (3.16) in the limit of
vanishing NROs), these additional phases can be moved to the Yukawa operators
involving only colored Higgs triplets. Rotations that break SU(5) are obviously
needed to achieve this (see Eqs. (2.6) and (2.47)). We move then to a basis in which
the Yukawa couplings for the 5¯M and 10M sectors can be parametrized as
Y 5D → Ŷ 5, Y 5DU → Ŷ 5K†CKMP †10,
Y 5E → Ŷ 5, Y 5LQ → e−iφI Ŷ 5P †I ,
Y 10U →Ŷ 10KCKM, Y 10UE → eiφI Ŷ 10KCKMPI,
Y 10QQ → KTCKMŶ 10P10KCKM, (4.2)
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and those in the seesaw sector of type I (after diagonalization of the Majorana mass
MN ) as
Y IN →Y Iν , Y IND → eiφIY IνPI. (4.3)
The determination of the boundary conditions at Mcut is, in this case, quite
straightforward, if we ignore the charged lepton couplings. We obtain the low-energy
values of ŶD, ŶU , and KCKM from experiments, and we renormalize them upwards
making use of the RGEs listed in Appendix E.
At Mssw, the seesaw degrees of freedom are switched on: RHNs, in the case
illustrated here. Unfortunately, their coupling Y Iν is not fully known (see Eq. (2.45)).
The arbitrariness by which Y Iν is plagued opens up new directions in the parameter
space of the problem, which can be surveyed by scanning over values of the unknown
quantities, at least, in principle.
At the GUT threshold, the superheavy fields are introduced. We move to a basis
in which the Yukawa couplings involving only light fields, which we call now Y 5E, Y
5
D,
Y 10U , and Y
I
N , are as on the left columns of Eqs. (4
.2) and (4.3), with Y 5E identified
to Y 5D, and Y
I
ν a fifteen parameter matrix. The couplings involving superheavy
Higgs fields, Y 5DU , Y
5
LQ, Y
10
UE, Y
10
QQ and Y
I
ND are then as on the right columns of the
same equations, in which we have fixed the arbitrary phases P10, PI, and φI. All
fields must then be rotated from this basis to one SU(5)-symmetric, that is, one in
which they can all be accommodated in the two SU(5) multiplets 5¯M and 10M , with
couplings for the Yukawa operators given by only three Yukawa couplings, Y 5, Y 10,
and Y IN . The basis in which these couplings are those of Eq. (4
.1) is reached with
rotations opposite to those in Eq. (2.6), in which φl and Pl are φI and PI, respectively.
The resulting Yukawa couplings can then be finally evolved upwards through RGEs,
whose solutions at Mcut provide the high-scale boundary conditions for our problem.
4.2. Nonvanishing NROs
When NROs are present, the rotation matrices needed for the diagonalization of
different effective Yukawa couplings induced by the same class of NROs are no longer
common, and the elimination of unphysical degrees of freedom is more involved.
The effective Yukawa couplings Y 5i and Y
10
j are diagonalized as
Y 5i = (V
†
5 i)
T Ŷ
5
iV
†
10 i, (i = D,E,DU,LQ)
Y 10j = (W
′†
10 j)
T Ŷ
10
j W
†
10 j , (j = U,UE,QQ) (4
.4)
with the elements of Ŷ
5
D, Ŷ
5
E , and Ŷ
10
U giving rise to the correct fermion spectrum,
i.e., diag(yd, ys, yb), diag(ye, yµ, yτ ), and diag(yu, yc, yt), respectively. We have left
the labels 5 and 10 in the diagonalization matrices V5 i, V10 j, andW10 j as a reminder
of the case without NROs. The matricesW ′10 j were introduced because the couplings
Y 10U and Y
10
UE are, in general, not symmetric. For j = QQ, it is W
′
10QQ =W10QQ.
Two of the rotation matrices in Eq. (4.4) can be absorbed by SU(5)-symmetric
field redefinitions of 10M and 5¯M similar to those made in the case of vanishing NROs.
We choose to eliminate V †10D and V
†
5E. We also rotate away the phases P
(1)
10 and P
(2)
10
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that appear in the parametrization of the product of diagonalization matrices from
which emerges now the CKM matrix: UCKM = W
†
10UV10D = P
(1)
10 KCKMP
(2)
10 e
iφ10 .
We obtain
Y 5i → (∆V †5 i)T Ŷ
5
i ∆V
†
10 i, (i = D,E,DU,LQ)
Y 10j →
[
(∆W ′†10 j)KCKM
]T
Ŷ
10
j P10
[
∆W †10 jKCKM
]
, (j = U,UE,QQ) (4.5)
where the ten matrices of diagonalization mismatch, besides KCKM, are
∆V †5 i = P
(2)†
10 V
†
5 iV5EP
(2)
10 , (i = D,DU,LQ)
∆V †10 i = P
(2)
10 V
†
10 iV10DP
(2)†
10 , (i = E,DU,LQ)
∆W ′†10 j = P
(1)†
10 W
′†
10 jW10UP
(1)
10 , (j = U,UE)
∆W †10 j = P
(1)†
10 W
†
10 jW10UP
(1)
10 . (j = UE,QQ) (4.6)
Note that ∆V †5E, ∆V
†
10D, and ∆W
†
10U are not included in this list, because they
are trivially equal to the unit matrix. In addition, since W ′10QQ = W10QQ, it is
∆W ′†10QQ = ∆W
†
10QQ. In the limit of vanishing NROs, all these mismatch matrices
reduce to the unit matrix.
All ten of them seem necessary in order to parametrize the effective Yukawa
couplings Y 5i and Y
10
j , together with Ŷ
5
D, Ŷ
5
E , Ŷ
10
U , and KCKM, and the diagonal
matrices Ŷ
5
DU , Ŷ
5
LQ, Ŷ
10
UE, and Ŷ
10
QQ, also unknown, at least at O(s). As shown
in Appendix B, in a basis in which the Majorana mass MN is diagonal, the Yukawa
couplings for the seesaw sector are parametrized as
Y IN = Y
I
ND → eiφI Y Iν PI, (4.7)
where Y Iν is the coupling of the minimal case.
It is easy to see, however, that in a basis reached through SU(5)-breaking rota-
tions, in which Y 5D, Y
5
E, Y
10
U , and Y
I
N match the corresponding couplings of the
MSSM with a seesaw sector of type I:
Y 5D → Ŷ
5
D,
Y 5E → Ŷ
5
E,
Y 10U → Ŷ
10
U KCKM,
Y IN → Y Iν , (4.8)
fewer matrices are needed to parametrize the remaining couplings:
Y 5DU →
[
∆V †5DU∆V5D
]T
Ŷ
5
DU
[
∆V †10DUK
†
CKM∆W
′
10UP
†
10
]
,
Y 5LQ → e−iφI
[
∆V †5LQP
†
I
]T
Ŷ
5
LQ
[
∆V †10LQ
]
,
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Y 10UE → eiφI
[
∆W ′†10UE∆W
′
10U
]T
Ŷ
10
UE
[
∆W †10UEKCKM∆V10EPI
]
,
Y 10QQ →
[
∆W †10QQKCKM
]T
Ŷ
10
QQP10
[
∆W †10QQKCKM
]
. (4.9)
Note that the mismatch matrix ∆V5D was not eliminated, but only shifted to the
seesaw sector:
Y IND → eiφIY Iν PI∆V5D. (4.10)
It turns out to be directly responsible for breaking the correlation between the
seesaw-induced sQFVs and sLFVs of the minimal model. The shift described here is
not peculiar of the seesaw of type I, but it is common also to the seesaw of types II
and III, which have at least one operator coupling the field Dc to a seesaw-mediator
field.
In this basis, eight matrices in addition to KCKM are sufficient to parametrize all
Yukawa couplings, compared with the ten needed in the basis of Eqs. (4.5) and (4.7).
The remaining two matrices are shifted from the Yukawa sector to the interactions of
the fieldsX and X¯ in the gauge sector, which do not affect the physics studied here.∗)
Since the RGEs have a covariant form under flavour rotations and their results do
not depend on the basis chosen, the dependence on these two matrices present when
working in the previous basis (obtained without SU(5)-breaking rotations) will have
to drop out of the RGE results.
In this analysis, we consistently use the basis in Eqs. (4.5) and (4.7). This is
because, in the basis of Eqs. (4.8), (4.9), and (4.10), the O(s)- and O(s2)-constraints
stop having the simple form they had in bases obtained without SU(5)-breaking
rotations, in which they were derived, and depend, in general, on the mismatch
matrices eliminated to obtain Y 5D, Y
5
E , Y
10
U , and Y
I
N in the basis of Eq. (4.8).
The determination of the boundary conditions of the effective Yukawa couplings
at Mcut differs from that for the couplings of the minimal model in the following
way. To begin with, Y 5E, Y
5
D, Y
10
U and KKCM are taken as low-energy inputs to
be evolved up to MGUT, with the seesaw threshold dealt as in the minimal case,
by introducing the coupling Y Iν . At MGUT, the resulting couplings are matched to
Y 5E, Y
5
D, Y
10
U of Eq. (4.5), by choosing three arbitrary unitary matrices for ∆V
†
5D,
∆V †10E , and ∆W
′†
10U . The seesaw coupling Y
I
N is obtained from Y
I
ν attaching to
it three arbitrary phases. Similarly, the couplings Y 5DU , Y
5
LQ, Y
10
UE, and Y
10
QQ,
parametrized by seven mismatch matrices and four diagonal matrices of couplings,
are arbitrary. The only restriction in their selection is that, together with Y 5E , Y
5
D
and Y 10U , they satisfy the O(s)- and O(s2)-constraints of Eqs. (3.10) and (3.13).
Since NROs were omitted in the seesaw sector, the coupling Y IND coincides with
Y IN . (If included, it would differ from it at O(s), as shown by Eq. (3.19).) All these
couplings are then evolved up to Mcut.
Here, the boundary values for the soft terms are picked up and the full set of
RGEs is evolved downwards. At the GUT threshold, the two theories, the MSSU(5)
∗) They do affect the physics in which the gauge bosons X and X¯ play a role, as for example,
proton decay, which can proceed through dimension-six operators induced integrating out these
gauge bosons. See remark at the end of §5.
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model with NROs and the MSSM, both with a seesaw sector, are matched again by
performing SU(5)-breaking rotations that bring Y 5E, Y
5
D, Y
10
U back to the form they
have in Eq. (4.8). In particular, the field Dc is rotated as
Dc →
[
∆V †5D
]†
Dc =
(
P †I ∆D
)
Dc. (4.11)
The following evolution downwards is that of the MSSM with one of the three types
of seesaw. At the electroweak scale, further rotations must be performed to extract
the low-energy physical parameters. These rotations bring the Yukawa couplings to
have, for example, the form on the right-hand side of Eq. (4.8). Strictly speaking, the
SU(5)-breaking rotations at MGUT, including that of Eq. (4.11), could be avoided,
having only the final rotations at the electroweak scale. By doing this, the typical
GUT degrees of freedom that are unphysical belowMGUT are not eliminated and they
are formally included in the RGEs below this scale. Since the RGEs are covariant
under unitary transformations, however, unphysical parameters do not play any role
in the running, and the RGE solutions do not depend on them. The dependence
on the matrix ∆D is then recovered at Mweak, when the low-energy rotations are
performed.
The procedure outlined here is conceptually clear, but the large number of un-
known matrices to be specified makes the problem very difficult to handle. It is
possible, however, that there exist some limiting cases, in which the number of pa-
rameters needed to specify these unitary matrices is smaller than the usual three for
angles, plus six, for phases. For example, some of the phases may be rotated away.
Before tackling this issue, we pause for a moment to compare our case with that
of Ref. 19), where only one NRO is introduced.∗) In the SU(5)-symmetric basis, the
effective Yukawa couplings are in this case
Y5i = Y
5 + C51,0 s (I5¯M )i, (i = D,E,DU,LQ)
Y10j = Y
10
j = Y
10, (j = U,UE,QQ) (4.12)
denoted with calligraphic symbols to distinguish them from the general ones. The
couplings Y10j coincide with those of the minimal model and are all symmetric ma-
trices. Thus, all matrices W ′†10 j and W
†
10 j coincide with the rotation matrix W
†
10 of
the minimal case, and the mismatch matrices ∆W ′ †10 j and ∆W
†
10 j are trivial:
∆W ′ †10 j = ∆W
†
10 j = 1. (j = U,UE,QQ) (4
.13)
Moreover, as the values of (I5¯M )i in Eq. (3
.8) show, only two of the effective couplings
Y5i (i = D,E,DU,LQ) are independent:
Y5D = Y
5
DU , Y
5
E = Y
5
LQ. (4.14)
∗) All NROs of dimension five in Op5, Op10, and OpNI are discussed in Ref. 19). Only one of
them, however, the operator with coefficient C51,0 in Op
5, is actually considered when counting the
number of arbitrary but physical parameters introduced by NROs.
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The first of these two equalities implies that V †5D = V
†
5DU and V
†
10D = V
†
10DU , the
second that V †5E = V
†
5LQ and V
†
10E = V
†
10LQ. Therefore, not all mismatch matrices
are independent or nontrivial. Indeed, the following relations hold
∆V †5D = ∆V
†
5DU , ∆V
†
10DU = 1,
∆V †10LQ = ∆V
†
10E, ∆V
†
5LQ = 1. (4
.15)
By plugging these and the relations in Eq. (4.13) in Eq. (4.9), it is easy to see that, in
this case, only two mismatch matrices are needed to parametrize the effective Yukawa
couplings: ∆V †5D and ∆V
†
10E , multiplied by some phase matrices. In addition, no
arbitrariness exists for the boundary conditions of Ŷ
5
DU , Ŷ
5
LQ, Ŷ
10
UE , and Ŷ
10
QQ, as
these couplings are linked to Ŷ
5
D, Ŷ
5
E , and Ŷ
10, which are fixed by low-energy data.
The apparent simplicity of this case should not be deceiving, as the number of
parameters that it involves is large. To show this, we parametrize ∆V †5D and ∆V
†
10E
as usual:
∆V †5D = P
(1)
D K
†
D P
(2)
D e
iφD ,
∆V †10E = P
(1)
E K
†
E P
(2)
E e
iφE , (4.16)
with CKM-like matrices KE and KD, and we express the effective Yukawa couplings
Y5i and Y
10
j after SU(5)-breaking rotations as
Y5D → Ŷ
5
D, Y
5
DU → Ŷ
5
DK
†
CKMP
†
10,
Y5E → Ŷ
5
E , Y
5
LQ → e−i(φI−φE) Ŷ
5
E ∆E
†,
Y10U → Ŷ 10KCKM, Y10UE → ei(φI−φE) Ŷ 10KCKM∆E,
Y10QQ → KTCKMP10 Ŷ 10KCKM. (4.17)
The seesaw couplings obtain the forms
Y IN → Y Iν , Y IND → ei(φI−φD) Y Iν ∆D. (4.18)
where the matrices ∆D and ∆
†
E are
∆†E =
(
P †I P
(1)
E
)
K†E P
(2)
E , ∆D =
(
PIP
(2)†
D
)
KDP
(1)†
D . (4
.19)
When compared with Eqs. (4.2) and (4.3), these equations show that by intro-
ducing only one NRO, the number of physical parameters increases by two CKM-like
matrices, KE and KD, three P -type phase matrices, with two phases each, and one
overall phase, for a total of nine phases and six mixing angles. If we add also the
three eigenvalues that distinguish now Ŷ
5
D from Ŷ
5
E, the number of new physical
parameters sums up to eighteen, which is the number of parameters of the complex
matrix C51,0. That is, all the new parameters due to the NRO introduced in this case
are physical. This is, however, not true in general, when more NROs are present.
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4.3. Mismatch-matrices approximation
An approximated parametrization of the mismatch matrices, with a consequent
reduction of the number of physical parameters, can be obtained when i) tan β is
large, and ii) s does not exceed the value of ∼ 10−2. This approximated parametriza-
tion is valid irrespective of the number of NROs introduced.
In the basis of Eqs. (4.5) and (4.7), it is easy to obtain from the O(s)-constraint
in Eq. (3.10), with i = D and i′ = E, that19)∣∣∣(∆V †5D)(h,3)∣∣∣ . syb ,
∣∣∣(∆V †10E)(k,3)∣∣∣ . syτ . (h, k 6= 3) (4.20)
For the derivation of these inequalities, we have made the approximation (Ŷ
5
E)ii =
(Ŷ
5
D)ii, since the differences between these Yukawa couplings do not affect our es-
timate. We recall that all O(s)- and O(s2)-constraints were derived in an SU(5)-
symmetric basis. Since for s ∼ 10−2, it is s/yb, s/yτ ∼ 1/ tan β, we conclude that, for
relatively large values of tan β, the elements (1,3) and (2,3) of the matrices ∆V †5D
and ∆V †10E are small, whereas the elements in the upper-left 2 × 2 sub-block are
unconstrained.
Thus, in this limit, the matrix ∆V †5D has one mixing angle only and four phases
and we express it as
∆V †5D = P
(1)
D
∣∣
2
KTD
∣∣
2
P
(2)
D e
iφD , (4.21)
where P
(2)
D is one of the usual two-phase P -matrices, KD
∣∣
2
and P
(1)
D
∣∣
2
are, respec-
tively, a 3×3 orthogonal matrix and a one-phase diagonal matrix with detP (1)D
∣∣
2
= 1,
of type
KD
∣∣
2
=
 cos θ − sin θsin θ cos θ 02
0T2 1
 , P (1)D ∣∣2 =

eiφ
(1)
D 0
0 e−iφ
(1)
D
02
0T2 1
 .
(4.22)
The symbol 02 denotes here a two-component null vector. Clearly, we could have
also chosen to parametrize ∆V †5D as
∆V †5D = P
(1) ′
D K
T
D
∣∣
2
P
(2) ′
D
∣∣
2
eiφD . (4.23)
The two parametrizations can be reduced to each other because a two-phase P -
matrix can always be decomposed as P
(2)
D = P
(8)
D P
(2) ′
D
∣∣
2
, with P
(2) ′
D
∣∣
2
of the type
shown in Eq. (4.22), and P
(8)
D = diag(e
iφ
(8)
D , eiφ
(8)
D , e−2iφ
(8)
D ), which obviously commute
with KTD
∣∣
2
.
The matrices ∆†D and ∆
†
E, then, can also be expressed in either one of these two
forms. An explicit parametrization of ∆D is
∆D =

(
cos θD e
iρD − sin θD e iσD
sin θD e
−iσD cos θD e
−iρD
)
e−
i
2
τD 02
0T2 e
iτD
 . (4.24)
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It is easy to see that the same type of approximated parametrization is also
possible for all the mismatch matrices in Eq. (4.6). For example, with the SU(5)-
symmetric rotation 5¯M → ∆V5LQ 5¯M , it is possible to remove (∆V †5LQ)T in the
expression for Y 5LQ in Eq. (4.5), reducing it to the same form that Y
5
E had when we
derived the inequalities of Eq. (4.20). The role that ∆V †5D had then is now played by
∆V †5D∆V5LQ. Thus, the O(s)-constraint in Eq. (3.10) with i =D and i′ =LQ, gives∣∣∣(∆V †5D∆V5LQ)(3,h)∣∣∣ . syb ,
∣∣∣(∆V †10LQ)(k,3)∣∣∣ . syτ , (h, k 6= 3) (4.25)
which allows us to conclude that also ∆V5LQ and∆V10LQ can be parametrized in the
same way. We have used here (Ŷ
5
LQ)ii = (Ŷ
5
D)ii. As in the corresponding approx-
imation made for Eq. (4.20), the differences between these elements are irrelevant
to this estimate. Thus, the same procedure can be iterated for the other mismatch
matrices in Eq. (4.6), showing therefore that in the limit of s not larger than 10−2,
all the ∆V †5 i and ∆V
†
10 i are of the same type, if tan β is large. However, no clear
hierarchy exists among the different elements of these matrices when tan β is not
really large, even for values such as tan β . 10. The same parametrization is valid
also for the mismatch matrices ∆W †10 j and ∆W
′†
10 j, but in this case, irrespective of
the value of tan β.
It should be stressed that the approximated form of the mismatch matrices is
indeed an approximation. The elements (1,3) and (2,3) in these matrices are not
vanishing but small: all elements in these matrices are, in general, modified by small
first–third and second–third generation mixing angles that are bounded from above
by s/yb, s/yτ , or s/yt. Moreover, they are not even absolutely small, for example
when compared with the corresponding elements of the CKM matrix, but they are
small with respect to the element of the MNS matrix. As will be discussed in §11,
however, the fact that the elements (1,3) and (2,3) in these matrices are small in the
sense discussed here does not imply that the first–third and second–third generation
flavour transitions in the scalar sector are not affected by NROs.
When applied to the case in which only one NRO is introduced, this approxi-
mation reduces the number of arbitrary mixing angles to be specified at MGUT from
six to two.19) The number of arbitrary phases in addition to the five already present
in the minimal model, is five, one of which is an overall phase.
We would like to emphasize here that the case of only one NRO, that of dimension
five with coefficient C51,0 in Op
5|5 is somewhat special. If the second of the two NROs
inOp5|5 with coefficient C50,1 is introduced, the number of physical mismatch matrices
increases to four. This can be seen by taking ∆W ′ †10 j = ∆W
†
10 j = 1, for all j, in
Eqs. (4.8) and (4.9), and by using the O(s2)-constraint of Eq. (3.10). Even when the
approximation discussed here can be applied, there are still four arbitrary mixing
angles to be inputted at MGUT, together with a fairly large number of phases.
We do not attempt to count them in this case, nor in the general one with
ten mismatch matrices. Given how large the number of independent parameters
is, these exercises are not particularly significant, at least at this stage. Indeed,
it remains to be seen whether the constraints induced by the suppression of the
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proton-decay rate affect the form of the mismatch matrices. If these constraints do
not reduce the number of arbitrary physical parameters, it is difficult to imagine
the feasibility of a phenomenological study of sFVs, which attempts to include all
of them. Nevertheless, these matrices are not all at the same level when it comes to
the modifications that they bring to the seesaw-induced sFVs. Thus, one reasonable
simplification may be that of selecting specific directions of the very large parameter
space opened up by the various mismatch matrices where these modifications are
largest.
§5. Proton-decay constraints on mismatch matrices
As is well known, even if their mass MHC is of O(MGUT), colored Higgs fields
give a very large contribution to the SU(5)-breaking dimension-five superpotential
operators:
WPDHC =
1
MHC
[(
CPDLLLL
)hijk
(QhQi)(LjQk) +
(
CPDRRRR
)hijk
(U chE
c
i )
(
DcjU
c
k
)]
, (5.1)
with the first ones, (QhQi)(LjQk), known as the LLLL-operators, and the second
ones, (U chE
c
i )(D
c
jU
c
k), as the RRRR-operators. The corresponding Wilson coeffi-
cients, before and after the SU(5)-breaking flavour rotations of Eq. (2.6) (or in the
basis of Eq. (4.2)), are(
CPDLLLL
)hijk
=
1
2
Y 10(h,i)Y
5
(j,k) =
1
2
[
KTCKMŶ
10KCKM
]
(h,i)
[
Ŷ 5
]
(j,k)
,(
CPDRRRR
)hijk
= Y 10(h,i)Y
5
(j,k) =
[
Ŷ 10KCKM
]
(h,i)
[
Ŷ 5K†CKM
]
(j,k)
. (5.2)
Here, and throughout this section, we neglect overall phases and two-phase matrices.
Thus, despite being proportional to small Yukawa couplings (some of the flavour in-
dices are of first generation), these operators are only suppressed by one power of
1/MHC , inducing, in general, a decay of the proton unacceptably rapid.
44), 60), 61)
This is in contrast to the dimension-six operators mediated by GUT gauge bosons,
also inducing proton decay, which are suppressed by two powers of superheavy
masses.
Nonrenormalizable operators can be effective in suppressing the proton-decay
rate because they can change the value of the Yukawa couplings involved in this
calculation, without however altering the couplings that reproduce a correct fermion
spectrum.41), 42) Once NROs are introduced, the dimension-five superpotential op-
erators WPD
HC
remains formally unchanged, but the Wilson coefficients CPDLLLL and
CPDRRRR are now replaced by boldface ones, C
PD
LLLL and C
PD
RRRR, expressed in terms
of effective Yukawa couplings:∗)(
CPDLLLL
)hijk
=
1
2
(
Y 10QQ
)
(h,i)
(
Y 5LQ
)
(j,k)
,
∗) Despite the language of effective couplings used, the material presented here is independent
of the way NROs are treated at the quantum level.
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(
CPDRRRR
)hijk
=
(
Y 10UE
)
(h,i)
(
Y 5DU
)
(j,k)
. (5.3)
The additional flavour structure induced by the mismatch matrices present in the
effective couplings can be tuned to suppress them. How many NROs are needed
for this suppression, i.e., at which order in s the two series of operators Op5 and
Op10 can be truncated, is a question that requires a dedicated calculation, clearly
beyond the scope of this paper. It is conceivable that the precision sufficient for the
evaluation of sFVs, i.e., O(s) in the effective Yukawa couplings, may not be adequate
to slow down the decay of the proton.
The tuning of the above Wilson coefficients can have an important feedback for
the determination of sFVs. We can show this for specific values of Y 5LQ, Y
5
DU , Y
10
QQ,
and Y 10UE that were found in Ref. 43) to provide acceptable proton-decay rates. In
one of two cases studied in this reference (the second one), just below the GUT
threshold, in the MSSM, these are
Y 10QQ = Ŷ
10
QQ = diag(0, 0, yt),
Y 10UE = Ŷ
10
UE = diag(0, 0, yt),
Y 5DU = Ŷ
5
DU = diag(yd − ye, ys − yµ, yb),
Y 5LQ = Ŷ
5
LQ = diag(0, 0, yτ ), (5.4)
in a basis in which the effective Yukawa couplings Y 5D, Y
5
E, Y
10
U are
∗)
Y 5D = Ŷ
5
D = diag(yd, ys, yb),
Y 5E = Ŷ
5
E = diag(ye, yµ, yτ ),
Y 10U = K
T
CKM Ŷ
10
U KCKM = K
T
CKM diag(yu, yc, yt)KCKM. (5.5)
(The seesaw couplings do not play any role in this discussion.)
Since they must be color antisymmetrized, the three Q’s in the operators QQQL,
two of which have the same SU(2) index, cannot belong to the same generation.
Hence, the special forms of Y 10QQ and Y
5
LQ give a vanishing contribution to the coef-
ficient CPDLLLL. The contribution to C
PD
RRRR, in contrast, is nonvanishing. According
to the analysis of Ref. 43), this ansatz leads to a decay rate of the proton smaller
than the existing experimental constraints for tan β . 12, when the mass of the
lightest stop squark, mt˜1 , is ∼ 400GeV, and the mass for the colored Higgs triplet
is of O(MGUT).
We recall, however, that the calculation in this reference is based on the inclusion
of only dimension-five NROs in the classes Op5 and Op10. Thus, a further reduction
of the proton-decay rate, which relaxes the bound on tan β, can be achieved with a
simple modification of the above ansatz, without having to increase the value of mt˜1 .
For example, by adding NROs of higher dimensions in Op5, which are practically
irrelevant to the evaluation of sFVs, it is possible to tune the value of the element
∗) We thank D. Emmanuel-Costa for confirming that this is indeed the basis used in Ref. 43).
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(1,1) of Ŷ
5
DU in Eq. (5.4) to be vanishing. According to Ref. 43), the simultaneous
vanishing of the elements (1,1) of Ŷ
5
DU and Ŷ
10
UE is a sufficient condition for the
contribution to proton decay from the RRRR operators to vanish as well (see the first
ansatz used by the authors of this reference). Clearly, it is enough to simply suppress
the element (1,1) of Ŷ
5
DU and therefore to suppress this contribution, without having
to make it vanish altogether. This is somewhat irrelevant for the following discussion
and, hereafter, whenever the effective couplings in Eq. (5.4) are mentioned, it is
assumed that the element (1,1) of Ŷ
5
DU is exactly vanishing.
The basis in Eqs. (5.4) and (5.5) can be interpreted as a basis obtained without
SU(5)-breaking rotations, as it satisfies theO(s)- andO(s2)-constraints of Eqs. (3.10)
and (3.13). Thus, a comparison with the effective couplings in Eq. (4.5), allows us to
conclude that all the mismatch matrices are trivial, or the inverse of KCKM (which
for the purposes of this discussion is nearly trivial) and all additional phases are
vanishing. This choice, of course, selects one particular point in the large space of
parameters opened up by the NROs. In this case, the predictions for the seesaw-
induced sFVs do not differ from those of the minimal model, with vanishing NROs.
On the other hand, the light-field Yukawa couplings in Eq. (5.5) can also be in-
terpreted as obtained through SU(5)-breaking rotations. Then, the effective Yukawa
couplings associated with the triplet Higgs bosons Y 5DU , Y
5
LQ, Y
10
UE, Y
10
QQ, have the
complicated expressions:
Y 5DU →
[
∆V †5DU∆V5D
]T
Ŷ
5
DU
[
∆V †10DUK
†
CKM∆W
′
10UKCKM
]
,
Y 5LQ →
[
∆V †5LQ
]T
Ŷ
5
LQ
[
∆V †10LQ
]
,
Y 10UE →
[
∆W ′†10UE∆W10UKCKM
]T
Ŷ
10
UE
[
∆W †10UEKCKM∆V10E
]
,
Y 10QQ →
[
∆W †10QQKCKM
]T
Ŷ
10
QQ
[
∆W †10QQKCKM
]
, (5.6)
where we have neglected phases, as this discussion has only demonstrative purposes.
The identification of these couplings with those of Eq. (5.4) now requires:
∆V5DU = ∆V5D,
∆V10DU = K
†
CKM∆W
′
10UKCKM,
∆V5LQ = ∆V10LQ = 1,
∆W ′10UE = ∆W10UKCKM,
∆W10UE = KCKM∆V10E ,
∆W10QQ = KCKM, (5.7)
which fixes three of the mismatch matrices. It leaves the others still undetermined,
although with some relations among them, due to the existence of the O(s)- and
O(s2)-constraints for effective couplings. Since the simple form for these constraints
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given in Eqs. (3.10) and (3.13) applies to couplings in bases obtained without SU(5)-
breaking rotations, we need to obtain the original set of effective couplings in the
SU(5)-conserving basis from which those in Eqs. (5.5) and (5.6) emerge. To this
end, it is sufficient to insert in Eq. (4.5) the diagonal form of the effective Yukawa
couplings in Eqs. (5.4) and (5.5) and the mismatch matrices in Eq. (5.7). This results
in the following effective Yukawa couplings:
Y 5D → ∆V †
T
5D Ŷ
5
DU ,
Y 5E → Ŷ
5
DU ∆V
†
10E ,
Y 5LQ → Ŷ
5
LQ,
Y 5DU → ∆V †
T
5D Ŷ
5
DU ∆V
†
10DU , (5
.8)
for the 5¯M sector, and
Y 10U → ∆V †
T
10DUK
T
CKM Ŷ
10
U KCKM,
Y 10QQ → Ŷ
10
QQ,
Y 10UE → ∆V †
T
10DU Ŷ
10
U ∆V
†
10E, (5
.9)
for the 10M sector.
A considerable simplification can be made at this point by applying the approx-
imation of §4.3 to the mismatch matrices. Having established that the limitation on
tan β obtained when using the ansatz of Eqs. (5.5) and (5.4) can be evaded with some
modifications, we can make use of this approximation, which is valid only for large
tan β, at least for some of the mismatch matrices. It becomes then a simple (although
tedious) exercise to work out the expressions of the O(s)- and O(s2)-constraints. By
neglecting the first generation Yukawa coupling yu and the CKM mixing angles, we
obtain ∣∣∣∣12 (∆V10DU )(1,2) yc
∣∣∣∣ ≤ O(s2),∣∣∣(∆V5D)(1,2) {[1− (∆V10DU )(2,2)] ys + (∆V10DU)(2,2) yµ}∣∣∣ ≤ O(s2). (5.10)
For the typical values that the Yukawa couplings in these expressions have atMGUT,
i.e., yc ∼ 10−3 and ys ∼ yµ/3 ∼ 10−4 tan β, the absolute value of (∆V5D)(1,2) cannot
exceed 0.1 for tan β > 10. Thus, the mismatch matrix ∆V5D, which coincides with
∆D of Eqs. (4.11) and (4.10) in the limit of vanishing phases, is approximated by
the unit matrix, at least as much as KCKM is. As a consequence, the predictions for
sFVs induced by the seesaw couplings do not deviate substantially from those of the
MSSU(5) model with vanishing NROs.
The situation may be different if tan β is small. In such a case, none of the
three mixing angles of the mismatch matrix ∆V5D needs to be small and the seesaw-
induced sFVs may have patterns different from those observed in the MSSU(5) model
without NROs.
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Moreover, we would like to emphasize that it is not possible to claim at this
point that the results obtained with the ansatz of Eq. (5.4) are generic. This specific
ansatz is claimed in Ref. 43) to be only a sufficient one to suppress the proton-decay
rate, but not necessary.
We have also observed that the inclusion of NROs with dimension higher than
five tends to facilitate the suppression of the proton-decay rate. In contrast, the
use of only one NRO made in Ref. 19), i.e., that with coefficient C51,0 in Op
5, while
adequate to obtain the correct fermion spectrum, may not be sufficient for this
suppression. The two coefficients corresponding to the LLLL- and RRRR-operators
are now (
CPDLLLL
)hijk
=
1
2
[
KTCKMŶ
10KCKM
]
(h,i)
[
Ŷ
5
E ∆V10E
]
(j,k)
,(
CPDRRRR
)hijk
=
[
Ŷ 10KCKM∆V
†
10E
]
(h,i)
[
Ŷ
5
DK
†
CKM
]
(j,k)
. (5.11)
Although a check should actually be made, the fact that only one mismatch matrix
is present, ∆V10E , may make it impossible to neutralize the effects of the dangerous
products Ŷ 10KCKM and K
T
CKMŶ
10KCKM.
Presumably, one way to suppress the decay rate of the proton without affecting
the sFVs analysis is to tune NROs belonging to the class OpPD46) in Eq. (3.2)
to cancel those from the effective operators in W PDHC . Naively thinking, such a
cancellation seems, indeed, possible. The dimension-five NRO in OpPD, in fact, has
a stronger suppression than those in W PDHc , as 1/MHC ∼ 1/MGUT is larger than
1/Mcut, but its coefficients can be of O(1), whereas CPDLLLL and CPDRRRR (as well as
CPDLLLL and C
PD
RRRR) are suppressed by small Yukawa couplings and CKM mixing
elements. An explicit check of such a possibility should be made, and the results will
be presented elsewhere.
We would like to close this section with the following observation. If they are not
reduced to be trivial by the tuning required to suppress the Higgs-triplet-induced
decay rate of the proton, some of the mismatch matrices may appear in the gauge-
boson-induced operators of dimension six, which also induce proton decay. Their
presence may alter the relative size of the widths of the different decay modes of
the proton, with respect to those obtained in the MSSU(5) model by the same
dimension-six operators.
§6. Effective couplings at the tree level in the SUSY-breaking sector
An important role is played here by the auxiliary VEV F24, overlooked in the
literature devoted to the evaluation of sFVs within nrMSSU(5) models. The fact
that F24 ≪ FX, the largest SUSY-breaking auxiliary VEV of O(m˜Mcut) may perhaps
induce us to think that the effect of the much smaller SUSY-breaking VEV F24, of
O(m˜MGUT), is negligible. In reality, the hierarchy between FX and F24,
F24
FX
= O(s), (6.1)
40 F. Borzumati and T. Yamashita
is of the same order as the expansion parameter in the series defining effective cou-
plings. Thus, F24 turns out to be essential for the identification of the correct
expression of the soft effective couplings in terms of the original parameters of the
model (discussed in this section), in the determination of the boundary conditions
for the soft effective couplings (to be discussed in §§7 and 8), and in guaranteeing
that the soft effective couplings evolve like the soft couplings of an MSSU(5) model
with the SU(5) symmetry broken at O(s) everywhere except in the gauge sector (to
be shown in §10 and Appendix D).
6.1. Effective trilinear couplings
One may naively think that effective trilinear couplings can be simply read off
from soft operators such as
O˜p5 =
k∑
n+m=0
√
2 ˜¯5M C˜5n,m(24THMcut
)n
1˜0M
(
24H
Mcut
)m
5¯H , (6.2)
when the field 2424H is replaced by its VEV v24. These operators are obtained from
the superpotential ones:
Op5(X) =
k∑
n+m=0
(
X
Mcut
)√
2 5¯M a
5
n,mC
5
n,m
(
24TH
Mcut
)n
10M
(
24H
Mcut
)m
5¯H , (6.3)
where X is the field whose auxiliary component, FX, breaks SUSY. Thus, the coeffi-
cients C˜5n,m are given by
C˜5n,m = fX a
5
n,mC
5
n,m ≡ A5n,m C5n,m, (6.4)
where fX is
fX =
FX
Mcut
. (6.5)
In addition, since the VEV F24 is, in general, nonvanishing, trilinear couplings
obtain contributions also simply from Op5 itself. As a consequence, the coefficient
C˜5n,m gets shifted by the quantity (n+m) f24C
5
n,m, where f24 is also of O(m˜) (see
Eq. (2.28)).
As in the case of effective Yukawa couplings, effective renormalizable trilinear
terms are generated when the field 24H is replaced by its VEVs:
− D˜cA5D Q˜Hd, −E˜c(A5E )T L˜Hd, −D˜cA5DU U˜ cHCD , −L˜A5LQQ˜HCD , (6.6)
with couplings A5i (i = D,E,DU,LQ) given by
A5i = A
5
i,FX
+A5i,F24 =
k∑
n+m=0
A5i |n+m =
k∑
n+m=0
A5i,FX |n+m +A5i,F24 |n+m
=
k∑
n+m=0
[
A5n,m +(n+m) f24
]
C5n,m s
(n+m)
((
I5¯M
)
i
)n ((
I5¯H
)
i
)m
, (6.7)
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where A5i,FX and A
5
i,F24 are the parts generated by the auxiliary component of X
and by the auxiliary component of the field 24H , respectively. The hypercharge
factors (I5¯M )i and (I5¯H )i are those of Eq. (3
.8), and C˜50,0 = A
5
0,0 Y
5 is the coupling
A5 in Eq. (2.17).
Similar considerations apply also to the 10M and the seesaw sectors, with effec-
tive trilinear parameters A10U , A
10
QQ, A
10
UE, and A
I
N , A
I
ND, to be defined in analogy
to the various A5i . In an analogous way, we can also define the various effective
trilinear couplings of the Higgs sector and all effective bilinear couplings.
There are constraints on the couplings A5i , A
10
j and A
I
h, completely similar to
the O(s)- and O(s2)-constraints on the effective Yukawa couplings. For example,
the couplings A5i must satisfy∣∣∣(A5i −A5i′)(h,k)∣∣∣ ≤ O(sm˜), (i, i′ = D,E,DU,LQ)∣∣∣(A5D −A5E +A5LQ −A5DU)(h,k)∣∣∣ ≤ O(s2m˜). (6.8)
In §7.1, we shall elaborate more on the form that the constraints on effective trilinear
couplings can have at Mcut, if we impose a certain type of universality for the soft
massive parameters.
6.2. Effective sfermion masses
The soft mass for the field 5¯M arises in the MSSU(5) model from the usual
Ka¨hler potential operator:
OpK0
5¯M
(X∗,X) =
(
X
∗
Mcut
)
5¯M |d00,0|2 5¯∗M
(
X
Mcut
)
, (6.9)
m˜2
5¯M
= |fX|2|d00,0|2. To this, contributions from the class of operators:
OpK1
5¯M
(X∗,X) =
(
X
∗
Mcut
)[ k∑
m=1
5¯M
(
d00,m
)2
CK,5¯M0,m
(
24∗H
Mcut
)m
5¯∗M
](
X
Mcut
)
, (6.10)
OpK2
5¯M
(X∗,X) =
(
X
∗
Mcut
)[ k∑
n+m = 2
n,m 6= 0
5¯M
(
d0n,m
)2
CK,5¯Mn,m
(
24TH
Mcut
)n(
24∗H
Mcut
)m
5¯∗M
](
X
Mcut
)
,
(6.11)
and their Hermitian conjugates, (OpK1
5¯M
(X∗,X))∗ and (OpK2
5¯M
(X∗,X))∗, must be added.
The couplings CK,5¯Mn,m are matrices in flavour space, as the dynamics that generates
these NROs, as well as those in the Yukawa sector, is not flavour blind.
Since F24 6= 0, contributions also come from
OpK1
5¯M
(X) =
[ k∑
m=1
5¯M
(
d10,m
)2
CK,5¯M0,m
(
24∗H
Mcut
)m
5¯∗M
](
X
Mcut
)
, (6.12)
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OpK2
5¯M
(X) =
[ k∑
n+m = 2
n,m 6= 0
5¯M
(
d1n,m
)2
CK,5¯Mn,m
(
24TH
Mcut
)n(
24∗H
Mcut
)m
5¯∗M
](
X
Mcut
)
, (6.13)
and from (OpK1
5¯M
(X))∗ and (OpK2
5¯M
(X))∗, when one field 24H gets the F24 VEV, all
others, the VEV v24. The upper index in the coefficients d
1
0,m and d
1
n,m is a reminder
of this. Contributions are also due to the very same operator OpK2
5¯M
of Eq. (3.23).
They are obtained when one 24TH field and one 24
∗
H field are replaced by the VEV
F24, whereas all others acquire the VEV v24.
Once all the fields 24H are replaced by their VEVs, these operators induce a
splitting between the soft mass for D˜c and L˜:
˜¯5M m˜25¯M ˜¯5∗M → D˜c m˜2DcD˜c ∗ + L˜∗ (m˜2L)∗L˜. (6.14)
The two effective mass parameters m˜2f (f = D
c,L) are both equal to m˜2
5¯M
in the lowest
order in the s-expansion, but already at O(s), they obtain different contributions
proportional to CK,5¯M0,1 , and therefore, in general, flavour violating.
Considerations analogous to those made here hold also for the effective masses in
the 10M sector. As for the effective soft masses in the the seesaw sectors, that for the
RHNs N c coincide with the coefficient of the renormalizable mass term, m˜2Nc up to
an overall factor
∏
j Tr(24H/Mcut)
kj , because the RHNs are SU(5) singlets. The soft
mass for the fields 15H and 1¯5H , in the seesaw of type II, is also the coefficient of the
renormalizable mass term, because we neglect NROs in the Higgs sector. In the case
of the field 24M in the seesaw of type III, in contrast, the various effective masses
differ from m˜224M , the coefficient of the renormalizable mass term (see Eq. (2
.49)).
§7. Universal boundary conditions with sFVs
In the MSSU(5) model, as always when trying to highlight sFVs induced at
the quantum level, the ansatz of universality and proportionality of the boundary
conditions for the soft SUSY-breaking parameters is adopted. Thus, by taking again
the seesaw of type I as a case study, all soft masses squared in Eqs. (2.17) and (2.49)
are assumed at Mcut to be flavour-independent and all equal to the coupling m˜
2
0. In
the same equations, the bilinear couplings B5, B24, BN , and the trilinear couplings
A5, A10, AIN are such that
B5(Mcut)
M5(Mcut)
=
B24(Mcut)
M24(Mcut)
=
BN (Mcut)
MN (Mcut)
= B0, (7.1)
and
A5(Mcut)
Y 5(Mcut)
=
A10(Mcut)
Y 10(Mcut)
=
AIN (Mcut)
Y IN (Mcut)
= A0, (7.2)
with flavour- and field-independent massive couplings B0 and A0. Once the bound-
ary conditions for the superpotential massive parameters M5, M24, and MN , are
determined at the cutoff scale, and those for the Yukawa couplings Y 5, Y 10, and Y IN ,
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are fixed in the way outlined in the previous section, those for the bilinear couplings
B5, B24, and BN , and for the trilinear ones, A
5, A10, and AIN are also fixed.
The situation is more complicated when NROs are present.
7.1. Effective trilinear couplings
We consider here specifically the couplings A5i , but the discussion holds for all
effective trilinear couplings. Note that, for a target precision of O(s × sloop) in the
evaluation of sQFVs and sLFVs, the relevant terms in the expansions of A5i are up
to k = 2. That is, the tree-level contribution of dimension-six NROs is needed.
A comparison of A5i in Eq. (6.7) with Y
5
i in Eq. (3.7) shows that the effective
trilinear couplings, in general, are not aligned with the effective Yukawa couplings at
Mcut. Clearly, a simple extension of the conventional notion of universality used in
the absence of NROs, which assigns the same proportionality constant to different
n-linear couplings (n ≤ 3) in operators of the same dimensionality:
A51,0 = A
5
0,1 ≡ A1, A52,0 = A50,2 = A51,1 = A2, · · · , (7.3)
is not sufficient to guarantee the proportionality of A5i (Mcut) and Y
5
i (Mcut), as it
has only the effect of replacing A5n,m with A
5
n+m in Eq. (6.7).
A more restrictive concept of universality, in which all the proportionality con-
stants, A0, A1, A2, · · · , are equal can solve the problem if the auxiliary VEV F24 = 0
vanishes at Mcut, which implies
f24 = B0 −A0 = 0 (7.4)
(see Eq. (2.28)). When this condition is realized, the equality of the proportionality
constant of all trilinear and n-linear couplings,
B0 = A0 = A1 = A2 = · · · , (7.5)
leads to
A5i (Mcut) = A0Y
5
i (Mcut). (7.6)
If such a notion of universality is adopted, the tuning parameter of the scalar sector,
∆, discussed in §2.2, vanishes identically. It should also be noted that, despite a
vanishing boundary condition atMcut, f24 is generated at different scales by radiative
corrections, since it evolves according to Eq. (2.29).
Alternatively, if f24 6= 0, it is possible to guarantee the alignment of A5i (Mcut)
and Y 5i (Mcut) by requiring that, for every value of n +m, the squared bracket in
Eq. (6.7), with A5n,m replaced by A
5
n+m, is equal to A0:
B0 − f24 = A0 = A1 + f24 = A2 + 2f24 = · · · = An + nf24. (7.7)
Two parameters are needed to characterize this condition, which we rewrite as:
B0 = A
′
0 − 2f24,
A0 = A
′
0 − 3f24,
A1 = A
′
0 − 4f24,
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A2 = A
′
0 − 5f24,
· · · ,
An = A
′
0 − (n+ 3)f24. (7.8)
The two parameters are f24 and A0, or f24 and A
′
0, and the relation of Eq. (7.6) still
holds.
The condition in Eq. (7.5), characterized by only one parameter, A0, coincides
with this in the limit f24 → 0. It is easy at this point to see that there is yet
another one-parameter condition, which also guarantees the alignment of A5i (Mcut)
and Y 5i (Mcut). This is obtained by setting A
′
0 = 0. In this case, the parameter that
fixes the soft couplings in question is f24:
B0 = −2f24, A0 = −3f24, A1 = −4f24, · · · , An = −(3 + n)f24. (7.9)
The expressions for A5i (Mcut) are still those in Eq. (7.6), with A0 = −3f24. It will
be shown in §8 that the two conditions in Eqs. (7.5) and (7.9) correspond to very
precise patterns of mediation of SUSY breaking. We anticipate that, in order to
realize the condition in Eq. (7.5), the SUSY-breaking field X can only couple to the
superpotential, whereas to realize the condition in Eq. (7.9), X couples only to the
Ka¨hler potential, in a certain basis. The more general condition in Eq. (7.8) is an
interpolation of the other two.
If neither of these conditions is satisfied, and the usual universality for soft
couplings is used, in which B0, A0, A1, A2, · · · are all independent parameters,
the proportionality between A5i (Mcut) and Y
5
i (Mcut) is, in general, broken at O(s).
Thus, sFVs of this order exist at the tree level. We can nevertheless make the effort of
assessing the level of arbitrariness introduced in the problem, as we have done in the
case of the effective Yukawa couplings. The hope is that, given the drastic reduction
of parameters that the usual notion of universality still entails, the constraints acting
on the effective trilinear couplings A5i (Mcut) are sufficiently numerous to eliminate
a large part of this arbitrariness.
The situation is, indeed, better than it may look at first glance. Since the soft
bilinear, trilinear, n-linear couplings of the original NROs are still aligned with the
corresponding superpotential couplings, the two sets of effective couplings Y 5i (Mcut),
Y 10j (Mcut), · · · , and A5i (Mcut), A10j (Mcut), · · · are not completely independent. This
is because the matrices that constitute the input parameters in the set of effective
Yukawa couplings Y 5i (Mcut), Y
10
j (Mcut), · · · and in that of effective trilinear cou-
plings are the same up to the coefficients A0, A1, A2, · · · , whereas the number of
output parameters, namely, the two sets of effective Yukawa and trilinear couplings,
is now doubled. Additional constraints with respect to those listed in §§3.1 and 6.1
are, therefore, expected. Besides the O(sm˜)- and O(s2m˜)-constraints, there exist
also O(s3m˜)- and O(s3m˜2)-constraints, whereas no O(s3)-constraint exists for the
effective Yukawa couplings.
To be specific, in the limit s → 0, we have the three O(s)-constraints for the
effective couplings Y 5i (Mcut) of Eq. (3.10), and the four O(sm˜)-constraints for the
soft parameters A5i (Mcut), which say trivially that in this limit the soft trilinear
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couplings are aligned with the Yukawa couplings. The proportionality constant is
A0.
At the next order, there exist five constraints: the O(s2)-constraint on the ef-
fective couplings Y 5i (Mcut) of Eq. (3.10), and the following four O(s2m˜)-constraints
on A5i (Mcut):∣∣∣(A5i (Mcut)− (A1+f24)Y 5i (Mcut)
−(A0−A1−f24)
(2
5
Y 5E +
3
5
Y 5DU
)
(Mcut)
)
(h,k)
∣∣∣∣ ≤ O(s2m˜), (7.10)
for i = D,E,DU,LQ, expressed in terms of A0 and A1 + f24. Thus, the O(sm˜) of
the matrices A5i (Mcut) is fixed by these parameters and the effective Yukawa cou-
plings. This means that if only NROs of dimension five are introduced, the matrices
A5i (Mcut), and therefore, all misalignments between A
5
i (Mcut) and Y
5
i (Mcut), are
known exactly once the couplings Y 5i (Mcut) are fixed.
Similar considerations hold also for the couplings A10j (Mcut) (j = U,UE,QQ),
which satisfy the following O(s2m˜)-constraints:∣∣∣(A10j (Mcut)− (A1+f24)Y 10j (Mcut)
+(A1−A0+f24)
(2
5
(
Y 10U
)S
+
3
5
Y 10QQ
)
(Mcut)
)
(h,k)
∣∣∣∣ ≤ O(s2m˜). (7.11)
The contribution of O(s2m˜) to the matrices A5i (Mcut) and A10j (Mcut) is not
known, and it is only restricted to satisfy higher-order constraints. In the case of
A5i (Mcut), these are∣∣∣((A5D−A5E+A5LQ−A5DU )(Mcut)
− (A2+2f24) (Y 5D−Y 5E+Y 5LQ−Y 5DU )(Mcut)
)
(h,k)
∣∣∣∣ ≤ O(s3m˜), (7.12)
a O(s3m˜)-constraint, and a constraint at O(s3m˜2):∣∣∣(6 (A2 −A0 +2f24) (A5E −A5DU) (Mcut)
− (A2 −A1 + f24)
(
2A5E +3A
5
DU
)
(Mcut)
−6 (A1 +f24) (A2 −A0 +2f24)
(
Y 5E −Y 5DU
)
(Mcut)
+A0 (A2 −A1 + f24)
(
2Y 5E +3Y
5
DU
)
(Mcut)
)
(h,k)
∣∣∣∣ ≤ O(s3m˜2). (7.13)
It should be recalled here that these constraints as well as the expressions for the
effective trilinear couplings themselves are obtained in SU(5)-symmetric bases. As
mentioned at the end of §3.3, SU(5)-breaking field redefinitions must be performed
to eliminate from the Ka¨hler potential NROs of dimension six in which the fields 24H
acquire VEVs. These dimension-six operators will be discussed explicitly in §8. In
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the basis in which such operators are removed, the O(s3m˜)- and O(s3m˜2)-constraints
cannot be used.
This situation is clearly very different from that in which not even the usual
universality for soft couplings is required. In this case, the two sets of couplings
Y 5i (Mcut), Y
10
j (Mcut), · · · , and A5i (Mcut), A10j (Mcut), · · · are completely indepen-
dent. The counting of output parameters (the effective couplings) and input pa-
rameters (the original couplings of the renormalizable and nonrenormalizable op-
erators) is the same for the two sets. The constraints for the effective trilinear
couplings A5i (Mcut), A
10
j (Mcut), · · · are then formally equal to those for Y 5i (Mcut),
Y 10j (Mcut) · · · (see §6.1). It is clearly very difficult to deal with a situation like this.
The only hope is that, by expressing these effective couplings in the SU(5)-symmetric
basis of Eq. (4.5) as
A5i → (∆V˜ †5 i)T Â
5
i ∆V˜
†
10 i, (i = D,E,DU,LQ)
A10j →
[
(∆W˜ ′†10 j)K˜CKM
]T
Â
10
j P10
[
∆W˜ †10 jK˜CKM
]
, (j = U,UE,QQ) (7.14)
it is possible to find some limit in which the number of parameters needed to specify
the mismatch matrices in these equations can be reduced considerably, as in the case
of the effective Yukawa couplings. Note that, unlike ∆V5E , ∆V10D and ∆W10U (see
Eq. (4.6)), the mismatch matrices ∆V˜5E, ∆V˜10D and ∆W˜10U do not coincide with
the unit matrix. These and all mismatch matrices in these equations, including
K˜CKM, have a tilde to distinguish them from the mismatch matrices for the effective
Yukawa couplings. They do reduce to those matrices in the limit s→ 0.
7.2. Effective sfermion masses
As in the case of trilinear soft couplings, a simple generalization of the concept
of universality that assigns the same flavour-independent coupling to operators with
the same dimensionality:
d00,0 = d
0
0, d
0
n,m = d
0
n+m, d
1
n,m = d
1
n+m, (7.15)
with n = 0, 1, · · · , andm = 1, 2, · · · , is not sufficient to guarantee the flavour indepen-
dence of the various contributions to the effective masses, at O(s) in the expansion
for m˜2f (f = D
c,L). These contributions appear in the right–right sector of the down-
squark mass matrix and in the left–left sector of the charged slepton mass matrix,
precisely those affected by the large seesaw couplings. Moreover, being of O(s), they
are numerically of the same size as the contributions induced through RGEs by the
couplings of the various seesaw mediators, which are of O(sloop).
Further restrictions on the parameters in Eq. (7.15), such as
d00 = d
0
n+m = d
1
n+m = · · · = δ, (7.16)
could simplify considerably the form of the SUSY-breaking part of the Ka¨hler po-
tential, leading, for example, to the Ka¨hler potential sector:[
1 + δfXθ
2 + δ∗f∗Xθ¯
2 + |δ|2|fX|2θ2θ¯2
] {
5¯M 5¯
∗
M +
[
OpK1
5¯M
+OpK2
5¯M
+H.c.
]}
, (7.17)
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where we have replaced X/Mcut with fX θ
2.
Clearly, the conditions under which these tree-level sFVs vanish are the condi-
tions under which field redefinitions can remove simultaneously NROs in the SUSY-
conserving and SUSY-breaking parts of the Ka¨hler potential. As mentioned earlier,
it is sufficient to be able to remove from Eq. (7.17) those NROs, which give contri-
butions up to O(s2), once the field 24H is replaced by its VEVs (see next section).
§8. Universal boundary conditions free from sFVs
To eliminate sFVs at the tree level, an extension of the conventional notion of
universality to the case with nonvanishing NROs must require at least that the field
X, which communicates SUSY breaking, couples to operators in the superpotential
and Ka¨hler potential in a generation-independent way, and without distinguishing
different fields.∗) In particular, within each of the two potentials, it couples to
operators of the same dimensionality in the same way.
We refer to the concept of universality outlined above as weak or unrestricted
universality, as opposite to that in which the different couplings of X to the various
operators in the superpotential and Ka¨hler potential are, in addition, restricted
by special conditions. We call this second type of universality restricted or strong
universality. Examples of such conditions were outlined already in §§7.1 and 7.2.
Here, we reexamine in a systematic way the problem of which conditions are to be
imposed to the superpotential and Ka¨hler potential in order eliminate sFVs at the
tree level.
In the case of the superpotential, a weak universality implies
W =Mij
(
1 + bfXθ
2
)
φiφj
+Yijk
(
1 + afXθ
2
)
φiφjφk +
1
Mcut
Cijkl
(
1 + a1fXθ
2
)
φiφjφkφl + · · · , (8.1)
where the notation is simplified with respect to that of the previous sections, as
indices denote both field types and generations. The fields φi in this superpotential
are SU(5) multiplets,M isM5 orM24, or a seesaw massive parameter, Y any trilinear
coupling, and C any NRO coupling. (Here, we limit ourselves to NROs of dimension
five, for simplicity.) The parameter fX is the usual ratio FX/Mcut that signals the
breaking of SUSY, and the quantities b, a, a1, . . . are just numbers. A comparison
with the notation of §7.1 allows the identifications: B0 = bfX, A0 = afX, A1 = a1fX,
· · · , and f24 = (b− a)fX.
We postpone the listing of the general form of what we call the weakly universal
∗) Such a definition excludes the mechanism of gauge mediation of SUSY breaking. It can,
however, be generalized to include it, by restricting the above assumption to flavour independence
only. In our setup, the mediation of SUSY breaking must happen above MGUT, at the Planck scale,
or quite close to it, if any of the effects discussed in this paper is to be detected. Thus, a component
of gauge mediation, if present, has to coexist with that of gravity mediation. The latter is inevitably
present at such scales and, in general, dominant since it does not suffer from the loop suppression
that plagues the former. In the following, we restrict our discussion to the case of pure gravity
mediation of SUSY breaking.
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Ka¨hler potential in a noncanonical form, to draw immediately some observations
about the behaviour of the superpotential under field redefinitions. These are re-
quired to reduce the Ka¨hler potential to be minimal. In general, field redefinitions
look like
φi →
(
cij + c˜ijfXθ
2
)
φj +
1
Mcut
(
(d5)ijk + (d˜5)ijkfXθ
2
)
φjφk + · · · , (8.2)
where the second parenthesis and the following ones, hidden in the dots, are present
only when NROs are nonvanishing. (The field X, treated here as a spurion, is not
included in the counting of the dimensionality of the various operators.) It is obvious
that if the mechanism of mediation of SUSY breaking is even only weakly universal,
the couplings c˜ij and (d˜5)ijk are not arbitrary. That is, they cannot depend on field
type and generations. Therefore, Eq. (8.2) should be reduced to
φi → cij
(
1 + δKfXθ
2
)
φj +
1
Mcut
(d5)ijk
(
1 + δNfXθ
2
)
φjφk + · · · , (8.3)
where δK and δN are just numbers.
With these field redefinitions, the above superpotential is modified as
W →Mlmclicmj
[
1 + (b+ 2δK) fXθ
2
]
φiφj
+ Ylmnclicmjcnk
[
1 + (a+ 3δK) fXθ
2
]
φiφjφk
+
1
Mcut
2Mlmcli (d5)mjk
[
1 + (b+ δK + δN ) fXθ
2
]
φiφjφk
+
1
Mcut
Clmnoclicmjcnkcoh
[
1 + (a1 + 4δK) fXθ
2
]
φiφjφkφh
+
1
Mcut
3Ylmnclicmj (d5)nkh
[
1 + (a+ 2δK + δN ) fXθ
2
]
φiφjφkφh
+
1
M2cut
Mlm (d5)lij (d5)mkh
[
1 + (b+ 2δN ) fXθ
2
]
φiφjφkφh + · · · . (8.4)
The minimal assumption of Eq. (8.3), however, is not sufficient to preserve the
alignment of bilinear, trilinear, n-linear soft terms with the corresponding SUSY-
conserving terms, i.e., to preserve weak universality, unless
δN = a− b+ 2δK = a1 − a+ 2δK = · · · . (8.5)
Together with the definition of f24, this implies
a1 − a = a− b = · · · = −f24/fX, (8.6)
which, although derived in a different way, coincides remarkably with the condition
of Eq. (7.7).
While the stability conditions in Eq. (8.6) relate only SUSY-breaking parameters
in the superpotential, those in Eq. (8.5) link SUSY-breaking parameters in the su-
perpotential and in the Ka¨hler potential. These latter conditions indicate that field
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redefinitions can remove SUSY-breaking operators in the Ka¨hler potential without
disturbing the alignment of SUSY-conserving and SUSY-breaking parameters in the
superpotential only for specific couplings in both potentials.
Note that even SUSY-conserving field redefinitions, with δK = δN = 0, in gen-
eral, spoil weak universality, except for the particular choice of SUSY-breaking pa-
rameters in the superpotential:
b = a = a1 = a2 = · · · , f24 = 0. (8.7)
This is the first notion of strong universality introduced in the previous section (see
Eq. (7.5)). It is encoded in the following particularly simple form for the superpo-
tential:
W =
(
1 + afXθ
2
) [
Mijφiφj + Yijk φiφjφk +
1
Mcut
Cijkl φiφjφkφl + · · ·
]
. (8.8)
This type of strong universality is, indeed, stable only if δK = δN = 0, that is, if
X does not couple to the Ka¨hler potential, which can then be minimized by SUSY-
conserving field redefinitions. They modify the superpotential by changing the defi-
nition of the parameters M , Y , C, · · · , but leave unchanged the overall parenthesis
(1 + afXθ
2), and therefore, also the alignment of effective trilinear couplings and
effective Yukawa couplings. The soft masses squared are vanishing at Mcut and are
then generated radiatively, driven by gaugino masses and trilinear couplings.
It would be interesting at this point to check how the superpotential of Eq. (8.8)
gets modified when X couples also to the Ka¨hler potential and field redefinitions have
nonvanishing δK and δN .
We postpone momentarily this issue and we consider the other, very restrictive
notion of universality for bilinear, trilinear, and n-linear soft parameters of Eq. (7.9),
determined also by one parameter only, f24. This can now be expressed as
b : a : a1 : · · · = 2 : 3 : 4 : · · · , afX = −3f24. (8.9)
In this case, the conditions in Eq. (8.5) guarantee that, under field redefinitions, afX,
bfX, a1fX are shifted in such a way as to leave the ratios b : a : a1 · · · unchanged.
From Eq. (8.4), it is easy to see that afX becomes
afX = −3f24 → −3 (f24 − δKfX) . (8.10)
The superpotential, which has the form
W =Mij
(
1− 2f24θ2
)
φiφj
+Yijk
(
1− 3f24θ2
)
φiφjφk +
1
Mcut
Cijkl
(
1− 4f24θ2
)
φiφjφkφl + · · · (8.11)
before field redefinitions, remains of the same type, except for a modification of the
parameters M , Y , C, · · · and for the shift of f24:
f24 → (f24 − δKfX) . (8.12)
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The alignment A5i = A0Y
5
i of Eq. (7.6) is satisfied for A0 = −3f24, with different
values of f24 before and after field redefinitions. Note that, if δKfX = f24, it is possi-
ble to find a basis in which the shifted value of f24, and therefore, all the parameters
b, a, a1, · · · , are vanishing. In this basis, X couples only to the Ka¨hler potential.
Bilinear, trilinear and n-linear soft terms satisfying the condition of Eq. (8.9) are
generated as a result of field redefinitions.
This fact illustrates why the superpotential in Eq. (8.8) tends to be destabilized,
unless X is decoupled from the Ka¨hler potential. It is simply due to the fact that
SUSY-breaking field redefinitions generate the parameter f24, even if this vanishes
in one basis.
As the previous one, the more general notion of universality of Eq. (7.8) seems
also stable under the field redefinitions of Eq. (8.3). Depending on the two parameters
A′0 and f24, this general notion of universality is nothing else but an interpolation of
the two notions considered above. It can now be expressed as
b− a′ : a− a′ : a1 − a′ · · · = 2 : 3 : 4 · · · , (a− a′)fX = −3f24, (8.13)
with a′ = A′0/fX. By rewriting the parameters b, a, a1, · · · as a′+(b−a′), a′+(a−a′),
a′ + (a1 − a′), · · · , we obtain the following form for Eq. (8.5):
δN =
[(
a− a′)− (b− a′)]+ 2δK = [(a1 − a′)− (a− a′)]+ 2δK . (8.14)
These conditions guarantee that the ratios b−a′ : a−a′ : a1−a′ · · · are not modified
by field redefinitions, which shift (a− a′)fX as follows:
(a− a′)fX = −3f24 → −3 (f24 − δKfX) . (8.15)
Thus, the superpotential, which has the interesting form
W =
(
1 + a′fXθ
2
) [
Mij
(
1− 2f24θ2
)
φiφj + Yijk
(
1− 3f24θ2
)
φiφjφk
+
1
Mcut
Cijkl
(
1− 4f24θ2
)
φiφjφkφl + · · ·
]
(8.16)
remains formally unchanged by field redefinitions, except for the shift of f24 of
Eq. (8.15), and a modification of the parameters M , Y , C, · · · . The alignment
A5i = A0Y
5
i of Eq. (7.6) is again satisfied for A0 = A
′
0 − 3f24, with different values
of f24 before and after field redefinitions.
It is to the form in Eq. (8.16) that the superpotential in Eq. (8.8) is brought by
field redefinitions with δKfX = −f24. Vice versa, field redefinitions with δKfX = f24
bring the superpotential in Eq. (8.16) to the form in Eq. (8.8).
We have discovered so far that a weakly universal superpotential with NROs
as in Eq. (8.1) is unstable under field redefinitions, even SUSY-conserving ones, if
NROs exist also in the Ka¨hler potential. There would be no problem at all if such
a superpotential could be somehow realized in a basis in which the Ka¨hler potential
is already canonical. In general, however, this is not the case and the superpotential
must be strongly universal to prevent field redefinitions from spoiling even its weak
universality. Any of the two forms in Eq. (8.8) or (8.16) is equally suitable.
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Note that in the MSSM limit, i.e., if only light superfields are present, NROs
are negligible in both the superpotential and the Ka¨hler potential, and the need for
a restricted notion of universality to avoid sFVs at the tree level does not exist.
A weakly universal Ka¨hler potential, to which Eq. (7.15) already alludes, is
K(X∗,X) =
[
1− α4fXθ2 − α∗4f∗Xθ¯2 +
(
|α4|2 − d2
)
|fX|2 θ2θ¯2
]
φ∗iφi
−
{(d5)ijk
Mcut
[
1 + α05fXθ
2 + β0∗5 f
∗
Xθ¯
2 + γ05 |fX|2 θ2θ¯2
]
φ∗iφjφk +H.c.
}
− (d6)ijkh
M2cut
[
1 + α06fXθ
2 + α0∗6 f
∗
Xθ¯
2 + γ06 |fX|2 θ2θ¯2
]
φ∗iφ
∗
jφkφh
−
{(d′6)ijkh
M2cut
[
1 + α′6fXθ
2 + β′∗6 f
∗
Xθ¯
2 + γ′6 |fX|2 θ2θ¯2
]
φ∗iφjφkφh +H.c.
}
,
(8.17)
where, without loss of generality, we have already assumed the canonical form for
the SUSY-conserving dimension-four operators. The parameter d2 is assumed to be
real and positive, since, as will be shown later, it determines the soft mass squared
of the fields φi. The couplings (d5)ijk and (d
′
6)ijkl are symmetric under permutations
of the last two and the last three indices, respectively, and d6 satisfies the following
relations: (d6)ijkh = (d6)jikh = (d6)ijhk = (d
∗
6)khij. For simplicity, we also limit
this discussion to operators up to dimension six. As will be shown in §10, within the
precision of our calculation, these are sufficient for the determination of the boundary
conditions for effective soft masses.
As already discovered in the case of weakly universal superpotentials, this Ka¨hler
potential is also unstable under field redefinitions. It is a simple exercise to show this.
As in the case of the superpotential, the stability of the weak universality implies
conditions among its various parameters and the field-redefinition parameters, which
we do not report here explicitly. It is straightforward, although tedious, to show
that for a Ka¨hler potential and a superpotential in the basis specified by Eqs. (8.17)
and (8.8), constraints on the various parameters in K(X∗,X) are induced by the
requirement that NROs of dimension five can be eliminated. These constraints,
together with the conditions of stability of the weak universality of both potentials,
allow us to rewrite K(X∗,X) in the following factorizable form:
K(X∗,X) =
[
1− δKfXθ2 − δ∗Kf∗Xθ¯2 +
(∣∣δK |2 − d2)∣∣ fX|2θ2θ¯2]K, (8.18)
where δK = α4, and K is the SUSY-conserving part of the Ka¨hler potential:
K = φ∗iφi −
[
(d5)ijk
Mcut
φ∗iφjφk +H.c.
]
− (d6)ijkh
M2cut
φ∗iφ
∗
jφkφh
−
[
(d′6)ijkh
M2cut
φ∗iφjφkφh +H.c.
]
. (8.19)
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The form in Eq. (8.18) is one example of a Ka¨hler potential with strong universality.
The superpotential is still that of Eq. (8.8), and f24 vanishes.
∗) Note that the guess
made in §7.2 (see Eq. (7.17)) for a Ka¨hler potential, which would not lead to sFVs
at the tree level, is in the right direction but not completely correct. The expression
in Eq. (7.17) is, indeed, very similar to that in Eq. (8.18), when δK is identified with
−δ, but, in reality, less general, as it has one less parameter.
It is interesting to see that when d2 = |δK |2, the scalar potential obtained from
Eqs. (8.8) and (8.18) coincides with that obtained in a supergravity model in which
the superpotential and the Ka¨hler potential for the visible sector are assumed to
be sequestered and have the same expression as those in Eqs. (8.8) and (8.18) with
X→ 0.
Thanks to the factorization of Eq. (8.18), the effort in bringing K(X∗,X) to
a form as close as possible to the canonical one reduces to that of minimizing K.
The elimination in K of the dimension-five NROs, which is possible to achieve,
automatically eliminates also all the corresponding SUSY-breaking NROs of the
same dimensionality. In the language of the previous sections, since it is possible to
redefine away the dimension-five NROs in OpK1
5¯M
, all the dimension-five NROs in
OpK1
5¯M
(X), OpK1
5¯M
(X∗), and OpK1
5¯M
(X∗,X) can also be eliminated. This is particularly
important as it enables the elimination of the most dangerous arbitrary sFVs in the
boundary values for soft masses, i.e., those that can be of the same size as the sFVs
induced radiatively by the neutrino seesaw couplings.
In fact, the situation is even better than that just described. Both terms in
square brackets in Eq. (8.19) can be removed through field redefinitions, as they
both have all fields except one with the same chirality, therefore reducing K(X∗,X)
to
K(X∗,X) =
[
1− δKfXθ2 − δ∗Kf∗Xθ¯2 +
(∣∣δK |2 − d2)∣∣ fX|2θ2θ¯2]
×
{
φ∗iφi −
(d6)ijkh
M2cut
φ∗iφ
∗
jφkφh
}
. (8.20)
While these field redefinitions are SUSY conserving, SUSY-breaking ones are needed
to bring K(X∗,X) to the even simpler form:
K(X∗,X) =
[
1− d2|fX|2θ2θ¯2
]
φ∗iφi
+
[
1 + δKfXθ
2 + δ∗Kf
∗
Xθ¯
2 +
(∣∣δK |2 − d2)∣∣ fX|2θ2θ¯2](−d6)ijkh
M2cut
φ∗iφ
∗
jφkφh, (8.21)
∗) If in the basis of Eq. (8.17) for K(X∗,X) the superpotential is that of Eq. (8.16), the same
procedure followed in the previous case yields a slightly more complicated form for the Ka¨hler
potential than that in Eq. (8.18), but equivalent to it. Field redefinitions, indeed, bring it to the
factorizable form of Eq. (8.18), with δKfX = α4fX − f24, while the superpotential is brought to
the form in Eq. (8.8). Thus, irrespective of whether the superpotential is in the form of Eq. (8.8)
or (8.16) in the basis of Eq. (8.17) for the Ka¨hler potential, the final form of the superpotential in
the basis in which the Ka¨hler potential is factorized as in Eq. (8.18) is always that of Eq. (8.8), i.e.,
also a factorized one.
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in which the form of the dimension-four operators is canonical. Through them, f24 is
generated again, with the value f24 = −δKfX, and the superpotential is brought from
the unstable form of Eq. (8.8) to the more general form of Eq. (8.16). It is clear at
this point why the guess of Eq. (7.17) for the Ka¨hler potential is not correct. These
SUSY-breaking field redefinitions would reduce the soft masses to be vanishing.
For all practical purposes, we can neglect all dimension-six NROs, except when
they contain two 24H fields, with opposite chirality, as these fields can acquire VEVs,
thus contributing in general in a flavour-dependent way to soft masses. If these two
fields are φ∗jφk, then the term multiplied by the square bracket in the second line of
Eq. (8.21) becomes
s2(−d6)ijjh
(
1 + f24θ
2 + f∗24θ¯
2 + |f24|2θ2θ¯2
)
φ∗iφh, (8.22)
and the index j labels the components of the field 24H . Group theoretical factors are
suppressed in this expression and are assumed to be reabsorbed by d6. The second
line of Eq. (8.21) is[
1 +
(
δKfX +f24
)
θ2 +
(
δ∗Kf
∗
X +f
∗
24
)
θ¯2 +
(
|δKfX +f24|2 − d2|fX|2
)
θ2θ¯2
]
× s2(−d6)ijjhφ∗iφh, (8.23)
and recalling that f24 = −δKfX, the Ka¨hler potential of Eq. (8.21) reduces to
K(X∗,X) ≃
[
1− d2|fX|2θ2θ¯2
] (
δih − s2(d6)ijjh
)
φ∗iφh, (8.24)
up to negligible NROs of dimension six. There is something very special about
this cancellation, which rests on the simultaneous presence of strong universality in
both potentials. Had it been δKfX+f24 6= 0, SU(5)-breaking field redefinitions could
have removed the two terms proportional to θ2 and θ¯2, but not the term proportional
to θ2θ¯2, which multiplies d6. These field redefinitions would have also shifted f24
of a quantity of O(s2) proportional to d6. Hence, misalignments would have been
introduced in the superpotential, correlated to the residual sFVs of O(s2) in the
Ka¨hler potential.
A further SUSY-conserving, but SU(5)-breaking field redefinition, yields
K(X∗,X) ≃
[
1− d2|fX|2θ2θ¯2
]
φ∗iφi. (8.25)
Note that these are also flavour-violating field redefinitions of O(s2). Since they are
SUSY-conserving, their effect is only that of modifying the parameters M , Y , C, · · ·
in the superpotential, that is, of modifying simultaneously supersymmetric parame-
ters and corresponding soft parameters, without introducing spurious misalignments
at the tree level.∗) The superpotential is still formally that of Eq. (8.16), as if these
field redefinitions had not taken place. They can, therefore, be totally ignored if one
∗) Possible misalignments may be introduced at the loop level, which, however, would be of
O(s2 × sloop) and, therefore, completely negligible for our purposes.
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needs to use this superpotential in an SU(5)-symmetric basis. Three free parameters,
together with the gaugino mass, are needed in this case to specify all soft terms:
a′, f24, d
2, (8.26)
with d2 real and positive. Had we taken d2 = |α4|2 in Eq. (8.17), Eq. (8.25) would
now be
K(X∗,X) ≃
[
1− |f24|2θ2θ¯2
]
φ∗iφi, (8.27)
and only the parameters a′ and f24 would have to be specified in addition to the
gaugino mass.
In summary, for a SUSY-breaking mediator coupled to operators of both poten-
tials, the condition to avoid sFVs at the tree level is that of having, in the same basis,
the superpotential of Eq. (8.8) and the Ka¨hler potential of Eq. (8.18), or equivalently,
in the form of Eqs. (8.16) and (8.25), respectively.
As mentioned earlier, it is possible that the SUSY-breaking mediator couples
only to the superpotential. The Ka¨hler potential, now SUSY conserving, is in this
case that of Eq. (8.19). This can be easily reduced with SUSY-conserving field
redefinitions to have the form of the potential in curly brackets in Eq. (8.20). This
possibility was brought to attention when discussing the superpotential in Eq. (8.8).
Since in this basis f24 = 0, the Ka¨hler potential reduces directly to
K ≃
[
δih − s2(d6)ijjh
]
φ∗iφh, (8.28)
when the fields φ∗jφj , identified with 24
∗
H24H , acquire their scalar VEV. Again, an
SU(5)-breaking field redefinition can remove the second term in parentheses.
Note that, if the condition of universality for the superpotential is relaxed to be
weak instead of strong in the basis of Eq. (8.17) for the Ka¨hler potential, it is still
possible to tune the Ka¨hler potential to have the form in Eq. (8.18). An attempt to
minimize it in this case yields
K(X∗,X) ≃
[
δih +
(
|d|2|fX|2δih − s2(d6)ijjh|f24 + δKfX|2
)
θ2θ¯2
]
φ∗iφh (8.29)
up to negligible dimension-six NROs, but destroys also the weak universality of the
superpotential. Thus, situations in which the superpotential is weakly universal and
the Ka¨hler potential is canonical, up to terms of O(s2), which are arbitrary, and,
in general, flavour- and CP-violating, can only be achieved at the expense of some
severe tuning. Highly tuned is also a situation in which the superpotential is weakly
universal and the Ka¨hler potential is already canonical, as in Eq. (8.25).
§9. Emerging scenarios
The analysis of the previous sections shows clearly that the seesaw-induced pre-
dictions for sFVs in an MSSU(5) setting can vary considerably. There are of course
the interesting differences induced by the various types of seesaw mechanism. If large
enough, they may help distinguish which of the three types of seesaw mediators gives
rise to the low-energy dimension-five neutrino operator of Eq. (2.39).
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There are also the worrisome modifications that the seesaw-induced sFVs may
undergo, depending on the type of NROs introduced and the role that they play.
The arbitrariness of NROs is the key ingredient exploited to solve the two major
problems of the MSSU(5) model, the unacceptable predictions for the values of
fermion masses and for the proton-decay rate. How to use it to correct the fermion
spectrum is straightforward and well known, whereas the recipe to be followed to
suppress the decay rate of the proton is not simple and presumably not unique.
Indeed, we have argued in §5 that baryon-number-violating NROs may also produce
a sufficient suppression of this rate, in addition to that due to the freedom in the
effective Yukawa couplings of matter fields to colored Higgs triplets.41)–43) Thus, it
is not yet clear whether the constraints from proton decay imply that the mismatch
matrices ∆V5 i, ∆V10 i (i = D,E,DU,LQ), and ∆W10 j , ∆W
′
10 j (j = U,UE,QQ) discussed
in §4 are trivial or not. Waiting to get a definite answer on this issue, we assume
here that these matrices are nontrivial, i.e., that they are substantially different from
the unit matrix.
As for the arbitrariness that NROs can induce in the boundary conditions for
soft parameters, the results obtained in §8 can be summarized as follows. In gen-
eral, this arbitrariness causes particularly dangerous tree-level sFVs already at O(s),
which completely obscure the effect of the large seesaw Yukawa couplings. There ex-
ist, however, special field- and flavour-independent couplings of the SUSY-breaking
mediator field X to the superpotential and the Ka¨hler potential, or strongly universal
couplings, which are not destabilized by field redefinitions, and which allow us to
eliminate such tree-level sFVs. In addition to the gaugino mass, M1/2, only three
parameters are sufficient to specify all effective soft couplings:
m˜20, A
′
0, f24, (9.1)
the first two of which are expressed in §8 as d2|fX|2 and a′fX. At Mcut, all effective
soft masses squared are equal to m˜20:
m˜
2
i (Mcut) = m˜
2
0 1, (9.2)
for any field i. The effective trilinear couplings are aligned with the effective Yukawa
couplings, as for example in
A5i (Mcut) = A0Y
5
i (i = D,E,DU,LQ) (9.3)
with
A0 = A
′
0 − 3f24. (9.4)
All B parameters are expressed in terms of the corresponding superpotential massive
parameter as∗)
Bi(Mcut) = B0Mi, (9.5)
∗) We have not given explicitly definitions of effective bilinear couplings in terms of the original
renormalizable and nonrenormalizable operators. They are completely analogous to those for the
trilinear effective couplings.
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with
B0 = A
′
0 − 2f24 = A0 + f24. (9.6)
That is, we recover for effective couplings the type of universality usually advocated
for models without NROs. Indeed, the choice of three parameters at Mcut can be
the much more familiar
m˜20, A0, B0, (9.7)
with f24 fixed in terms of B0 and A0: f24 = B0 − A0. The choice d2 = |α4|2 in
Eq. (8.26) corresponds to fixing B0 among the above parameters to be (B0−A0)2 =
m˜20, reproducing the minimal supergravity result.
15) Note that all the bilinear terms
discussed above are for the superheavy fields, and the MSSM B-term can be arbitrary
even in this case, depending on the fine tuning for the µ term, as shown in §2.2.
The case discussed so far is a somewhat special case, which rests uniquely on
the requirement of simultaneous strong universality in the superpotential and in the
Ka¨hler potential. With this choice of universality, the arbitrariness induced by NROs
remains confined to the Yukawa sector. An estimate of how the predictions of the
seesaw-induced sFVs are modified by the mismatch matrices will be given later in
this section.
Beyond this special case, the situation becomes considerably more complicated.
Following §8, we know that by relaxing the condition of universality for the superpo-
tential to be weak instead of strong in the basis of Eq. (8.17) for the Ka¨hler potential,
we can tune the Ka¨hler potential to be as in Eq. (8.18), which leads to the form in
Eq. (8.29), by field redefinitions. That is, effective soft masses squared are universal
at O(1), but arbitrary at O(s2). In addition, the field redefinitions through which
such form of the Ka¨hler potential is obtained, spoil also the weak universality of the
superpotential at O(s). At this order, the effective trilinear couplings, not aligned
anymore to the effective Yukawa couplings, are arbitrary 3×3 matrices. It is possible
to parametrize them as shown in Eq. (7.14), in terms of diagonal matrices and new
unitary matrices of diagonalization mismatch, ∆V˜5 i, ∆V˜10 i (i = D,E,DU,LQ), ∆W˜10 j ,
∆W˜ ′10 j (j = U,UE,QQ), and K˜CKM. The number of free parameters, with which one
has to deal, is, however, overwhelmingly large.
As explained in §8, it is also possible to envisage another tuned situation, in
which the superpotential has weak universality in the basis of Eq. (8.25) for the
Ka¨hler potential. The effective soft masses squared are in this case universal. Su-
perpotential couplings and corresponding soft couplings are in general aligned, but
the alignment is lost at O(s) for effective Yukawa couplings and effective trilinear
couplings. This is the scenario analyzed in Ref. 19). It is considerably simpler than
the one discussed earlier, because, although not aligned to the effective Yukawa cou-
plings, the effective trilinear couplings depend on them in precise ways, at least, at
O(s). In fact, the constraint in Eq. (7.10) shows that the misalignment between, for
example, A5i and the corresponding Y
5
i is given in terms of various effective Yukawa
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couplings and a new parameter, A1, in addition to A0 and f24:
A5i (Mcut) =
{
(A1 +f24) +
A0 −A1 −f24
5
[
2Y 5E +3Y
5
DU
Y 5i
]
(Mcut)
}
Y 5i (Mcut).
(9.8)
Thus, at this order, all effective soft couplings can be specified in terms of
m˜20, A0, A1, f24, (9.9)
and the gaugino mass, M1/2. The remaining arbitrariness in the expressions of the
various effective trilinear couplings is, at this order, the arbitrariness of the effective
Yukawa couplings, which are not fixed by their O(s2)-constraints given in Eq. (3.10).
Constraints at O(s2) among the various effective trilinear couplings do exist. These
are the O(s3m˜)- and the O(s3m˜2)-constraints given explicitly for the couplings A5i
(i = D,E,DU,LQ), in Eqs. (7.12) and (7.13). They link effective trilinear couplings
and effective Yukawa couplings at this order, making use also of the parameters A0,
A1, f24, and an additional one, A2. Although insufficient to fix the effective trilinear
couplings completely, they seem nevertheless useful to limit their arbitrariness.
§10. Picture of effective couplings at the quantum level
The picture of effective couplings outlined so far may be valid at the quantum
level under two obvious conditions: i) the dynamical part of the field 24H that
appears in NROs can be neglected when considering low-energy physics; ii) NROs
that do not contain the field 24H are also irrelevant for low energy, except perhaps for
proton decay and cosmology.59) These two conditions are not valid in general, but
only for a limited accuracy of our calculation of sFVs. It can be easily shown that,
within this accuracy, the effective Yukawa couplings evolve in the same way as the
couplings of an MSSU(5) model with the SU(5) symmetry broken at O(s) everywhere
except that in the gauge sector. A key ingredient for this proof is the running of the
VEVs of the adjoint Higgs field 24H , discussed also in §2.2 and Appendix C.
10.1. Effective-picture validity and allowed accuracy
5H <
5¯H
>
24H
>
10M
5¯M
<
<
• •
Fig. 2. NRO induced by Op5 and λ55H24H 5¯H
in W
MSSU(5)
H .
It is easy to see that the conditions
i) and ii) listed above are in general vi-
olated. We show it here in the case
of effective Yukawa couplings, but the
same discussion can be applied to the
holomorphic SUSY-breaking terms. It
is shown in Fig. 2 how two operators in
the superpotential, say, for definiteness,
the NRO in Op5|5 with coefficient C50,1
and the renormalizable one λ55H24H 5¯H ,
induce in the Ka¨hler potential the NRO
xλ5 5
∗
H10M C
5T
0,1 5¯M .
(
x ∝ sloop
Mcut
)
(10.1)
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The field redefinition needed to reabsorb it,
5H → 5H − xλ510M C5T0,1 5¯M , (10.2)
shifts also the various terms in the superpotential to induce NROs such as
− xλ5 10M Y 10 10M10M C5T0,1 5¯M , −xλ5N c Y IN 5¯M10M C5T0,1 5¯M , (10.3)
which do not contain the field 24H and are, therefore, not included in the linear
combinations that define the various Y 5i , as well as
− xλ5
(
M55¯M C
5
0,1 10M 5¯H + λ5 5¯M C
5
0,1 10M24H 5¯H
)
. (10.4)
Thus, at the one-loop level, the dynamical part of the field 24H can give rise to
corrections to some of the coefficients included in the effective couplings Y 5i , although
not to the complete linear combinations that define them. In our specific case, for
example, it induces a correction to the coefficient of the renormalizable operator
Op5|4 of O(s×sloop), since M5 is of the same order of v24, and one to the coefficients
of Op5|5 itself, of O(sloop) and, therefore, of O(s × sloop) to the effective couplings
Y 5i .
5H <
10M
>
10M
>
10M
5¯M
<
<
• •
Fig. 3. NRO induced byOpPD and 10M10M5H
in W
MSSU(5)
M .
Similarly, as shown in Fig. 3, Op5|4
and the dimension-five operator in the
class OpPD in Eq. (3.2), also give rise
at the one-loop level to the Ka¨hler po-
tential NRO 5∗H10M 5¯M and, therefore,
to superpotential NROs such as those
listed above.
The suppression factor is also in this
case x ∝ sloop/Mcut if the dimension-
five NRO in OpPD exists at the tree level
and the various components of its coef-
ficient CPD0 are of O(1). Strictly speak-
ing, some of the flavour components of this coefficient must be sufficiently suppressed
to avoid conflict with the experimental lower bound on the lifetime of the proton.
Others, however, may happen to be unsuppressed.
The same apparently problematic results are also induced, for example, by the
tree-level NRO N c5¯M10M 5¯M and the seesaw operator −N cY IN 5¯M5H .
A closer inspection shows, however, that the only corrections of O(s × sloop)
are those to terms of Y 5DU and Y
5
LQ, i.e., effective couplings of Yukawa interactions
involving the superheavy Higgs triplet HCD . Through RGEs, these can, therefore,
induce sFVs at O(s × s2loop). In contrast, because the combination µ2 = M5 −
(1/2)
√
6/5λ5v24 has already been tuned to be of O(Mweak) (see §2.2), the corrections
that the two operators in Eq. (10.4) bring to the effective couplings of the Yukawa
interactions that involve light Higgs fields, Y 5D and Y
5
E , are negligibly small, of
O((Mweak/Mcut)× sloop).
Thus, the picture of effective couplings can be retained at the quantum level if
we limit the precision of our calculation of sFVs, to be at most of O(s × sloop), but
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it cannot be used for other quantities, such as the proton-decay Wilson coefficients,
which depend at the tree level on the Yukawa couplings of the superheavy fields. It
will be shown in the next subsection, and proven explicitly in Appendix D, that, up
to a precision of O(s× sloop) for sFVs, the effective couplings behave as couplings of
renormalizable operators, i.e., they obey RGEs of renormalizable operators.
This limitation in precision is certainly not a problem, since it does not seem
possible to probe sFVs beyond O(s× sloop) = 10−4. If a higher sensitivity could, hy-
pothetically, be achieved, the picture of effective coupling would have to be replaced
by a different treatment of the NROs, or, possibly, would require an enlargement of
basis, to contain also effective couplings for the NROs themselves.
The precision O(s × sloop) is that induced at the one-loop level by NROs of
dimension five, that is, Op5|5 and Op10|5 in the Yukawa sector, with a nondynamical
24H . Thus, our calculation of low-energy quantities is not sensitive to quantum con-
tributions from higher-dimension NROs, as well as to resummation effects obtained
by solving the RGEs for effective couplings. We nevertheless retain this picture,
because we find it physically very clear. It leads to straightforward matching con-
ditions at MGUT and to a transparent interpretation of the boundary conditions at
the cutoff scale.
There is one effect of this order that we do not include. As mentioned already,
we neglect NROs in the Higgs sector. Barring small values of the coupling λ24, the
effect of these NROs is that of producing small shifts in the mass of the superheavy
fields, such as the colored Higgs triplets. Shifts in the mass of these fields result in
a modification of the scale at which these fields decouple from light matter. On the
product of effective couplings that enter in the evaluation of sLFVs:
1
16π2
Y
I †
N Y
I
N ln
(
MHC
Mcut
)
∼ sloop
{
Y I †N Y
I
N −
1
2
s
[
Y I †N C
NI
1 + C
NI †
1 Y
I
N
]
· · ·
}
, (10.5)
the effect of the shift MHC →MHC (1 +O(s)) is
1
16π2
Y
I †
N Y
I
N ln
(
MHC (1 +O(s))
MHC
)
∼ s× sloop
{
Y I †N Y
I
N + · · ·
}
. (10.6)
This term is of the same order of the term with a square bracket in Eq. (10.5).
Differently from that term, however, this is only a flavour-blind shift of the leading
term sloopY
I†
N Y
I
N , which does not introduce an additional flavour structure. A simple
treatment of the GUT threshold in which all superheavy masses are decoupled at
the same scale also automatically disregards such effects.
As an alternative to the effective-coupling picture, it is possible to use the proce-
dure adopted by the authors of Ref. 19), in which each coupling of the various NROs
is treated separately instead of being collected in a few effective couplings. We refer
the reader to their work for details. As in our case, their treatment is also valid at
most at O(s × sloop), and our analysis of boundary conditions for the NROs is also
valid in their case.
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10.2. RGE treatment of effective couplings
The evolution of effective couplings is analogous to that of couplings of renor-
malizable operators, even aboveMGUT when the field 24H is still active, provided the
terms that break this picture are very small. As shown in the previous subsection,
these terms do exist, but can be neglected for a target accuracy of O(s × sloop) in
the evaluation of sFVs.
The proof follows exactly the steps usually made when deriving the RGEs in
renormalizable SUSY models. Since the superpotential is not renormalized, only
the Ka¨hler potential is subject to loop corrections, which determine the anomalous
dimensions for the various fields. As a result of these corrections, the Ka¨hler poten-
tial loses its minimality. Its canonical (or nearly canonical) form can be recovered
through field redefinitions, which affect also the superpotential. The parameters in
the superpotential and Ka¨hler potential, expressed in terms of the redefined fields,
are modified with respect to the original ones. These modifications give rise to the
RGEs for the model.
A detailed proof in this case of effective couplings is given in Appendix D. Here,
we concentrate only on some final steps of this proof, which allow a comparison of
our analysis to others existing in the literature.
For simplicity, let us consider a generic superpotential term Y (24H)Φ1Φ2Φ3,
with
Y (24H) =
∑
n=0
Cn24
n
H , (10.7)
and suppressed SU(5) indices. The quantity Y (〈24H〉) will become the effective
coupling for the operator Φ1Φ2Φ3, once the field 24H acquires its VEVs.
Through the procedure outlined above, we obtain the following RGEs for the
original couplings:
C˙n =
(
γ1 + γ2 + γ3 + nγ24H
)
Cn, (10.8)
in terms of effective couplings, on which the anomalous dimensions γi depend. We
have neglected here the fact that Cn and the various γi in general do not com-
mute. Since different Cn’s have different RGEs, with the ratio Cn/C0 evolving as
nγ24HCn/C0, it seems that the anomalous dimension γ24H destroys the picture of
effective couplings at the loop level. The largest effect of γ24 on the effective Yukawa
couplings is of O(s×sloop). Through the Yukawa couplings, the effective soft masses
squared are also affected, but the largest flavour-dependent effect is of O(s× s2loop),
and can be neglected. There is, however, a larger effect induced by the anomalous
dimension γ24 on the effective soft masses squared, of O(s×sloop). This is due to the
wave-function renormalization on the n-th term in the expansion of these masses in
powers of the field 24H , analogous to the expansion for the Yukawa couplings. This
effect is flavour-independent, and therefore, irrelevant for all practical purposes.
Similarly, for the coefficients of AFX(24H ),
AFX(24H ) =
∑
n=0
C˜n24
n
H , (10.9)
the part of the effective trilinear coupling corresponding to Y (24H) (the only one
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considered in the literature), we obtain
˙˜
Cn =
(
γ1 + γ2 + γ3 + nγ24H
)
C˜n +
(
γ˜1 + γ˜2 + γ˜3 + nγ˜24H
)
Cn. (10.10)
The picture of effective couplings seems now to be destroyed by both γ24H and
γ˜24H . Even assuming universal boundary conditions for all the C˜n at the cutoff
scale, C˜n = AnCn, with An = A0, differences such as
∆A = A1 −A0 (10.11)
are generated at the one-loop level, and a misalignment of O(s× sloop) between the
effective Yukawa couplings and trilinear couplings is introduced by γ24H and γ˜24H ,
i.e., precisely of the order of the effects that we would like to retain in our calculation.
This is in addition to the usual misalignment induced also in the MSSM at O(sloop)
by the corresponding RGEs, expressed by the fact that the ratio (C˜0/C0) evolves as
(γ˜1 + γ˜2 + γ˜3). The former is smaller by a factor of O(s), but it is not governed by
the CKM elements as the latter one.
All these effects are fictitious. To begin with, the running of the VEV v24 cancels
exactly the terms nγ24 in the RGEs for Cn, giving for the effective couplings:
Y˙ |n = ˙(Cnvn24) = (γ1 + γ2 + γ3)Y |n. (10.12)
It cancels also the term nγ24 in the RGE for C˜n, giving for AFX |n = (C˜nvn24):
A˙FX |n = (γ1 + γ2 + γ3)AFX |n +
(
γ˜1 + γ˜2 + γ˜3 + nγ˜24H
)
Y |n. (10.13)
The term nγ˜24H in this equation is also fictitious. It is cancelled by the running of
the VEV F24 in
AF24(24H ) =
∑
n=0
nf24Cn24
n
H , (10.14)
the other contribution to effective trilinear terms, neglected in the literature, whose
nth term evolves as
A˙F24 |n = ˙(nf24Cnvn24) = (γ1 + γ2 + γ3)AF24 |n − nγ˜24HY |n. (10.15)
Thus, the correct equation for the complete effective trilinear coupling, A|n =
AFX |n +AF24 |n, is recovered.
The picture of effective couplings is used at the quantum level also in Ref. 38).
No evolution of the VEVs of the field 24H is considered there and the correct RGEs
are obtained only as an approximation, simply by neglecting the terms nγ24H and
nγ˜24H in Eqs. (10.8) and (10.10). The misalignment that these terms produce at
O(s× sloop) between the effective trilinear couplings and effective Yukawa couplings
is within the precision of our calculation and we cannot neglect it.
The authors of Ref. 19) use a different procedure for their analysis. We can,
nevertheless, try to discuss it using our language of effective couplings. Their RGEs
betweenMcut andMGUT for the parameters corresponding to our Cn and C˜n coincide
with those in our Eqs. (10.8) and (10.10). These authors therefore claim that a term
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∆A, as in Eq. (10.11), is generated. As explained, this should be cancelled by the
running of the VEVs in the effective couplings, which they ignore, together with
the running of the parameters in the Higgs sector. Thus, such a cancellation is
not incorporated in their analysis. In particular, because the running of F24 is not
included, they do not realize that their vanishing value of F24 at MGUT, which we
deduce from their matching condition at this scale, is incompatible with an equally
vanishing value at Mcut, which they seem to adopt. Thus, their effective trilinear
couplings at Mcut contain already tree-level sFVs, which depend on the angle θD
of the mismatch matrix that we call ∆D in Eqs. (4.18) and (4.19) (see Eq. (7.10)).
We believe that the large dependence on this angle, which they find in the rate for
µ→ eγ (see their Fig. 9), is due to sLFVs in their boundary values.
§11. Low-energy sFVs from seesaw mechanism and NROs
The simplest scenario to deal with, and the one to which we restrict ourselves
in this section, is the first discussed in §9. This emerges essentially by imposing
that the universal couplings of the SUSY-breaking field X to the superpotential and
Ka¨hler potential are stable under the field redefinitions of Eq. (8.3), and that the
NROs of dimension five can be eliminated from the Ka¨hler potential. It requires
the minimum number of soft parameters, guarantees universality of the effective
soft masses squared and the alignment of trilinear effective couplings with effective
Yukawa couplings.
The modifications induced in this scenario by NROs in the sFVs of the MSSU(5)
model, through the effective Yukawa couplings, are twofold. On one side, NROs
contribute to sFVs through RGEs and alter the pattern of sFVs of the MSSU(5)
model at O(s× sloop). The largest effect, however, is that of the mismatch matrices.
The mismatch in diagonalization of the various effective Yukawa couplings gen-
erated by the same class of operators, for example, Y 5D, Y
5
E, Y
5
LQ, and Y
5
DU , in the
case of Op5¯M , affects also the various sectors of the sfermion mass matrices, thereby
spoiling the correlations between sQFVs and sLFVs. It should be emphasized that
these rotations can only modify existing sFVs, but cannot generate them if they do
not already exist. (For example, the term D˜cm˜2DcD˜
c ∗ cannot be affected by mis-
match matrices if m˜2Dc is proportional to the unit matrix.) Moreover, since their
entries, or at least, their largest entries, can be of O(1), these mismatch matrices
alter the patterns of the MSSU(5)-model sFVs, producing modifications that can be
of the same order of the sFVs themselves.
Note that there is only one mismatch matrix affecting in this indirect way the
seesaw-induced sFVs in m˜2Dc , driven by Y
I
ND. This is the matrix ∆D defined in
terms of ∆V5D and a diagonal matrix of phases in Eq. (4.10). For the fields in the
5¯M sector, there are also sFVs induced by Y
5
DU and Y
5
LQ, which involve several
mismatch matrices, and for which the level of arbitrariness is large. These are,
however, considerably smaller than those induced by the seesaw couplings.
Similarly, other mismatch matrices affect sFVs for fields in the 10M representa-
tion, which are driven by Y 10U , Y
10
QQ, Y
10
UE . Thus, this sector is also plagued by a
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large degree of uncertainty/arbitrariness. This is true in particular for the right–right
sector of the charged slepton mass matrix, which, in the MSSU(5) model, exhibits
sFVs induced by the Yukawa couplings of the top quark.62)
We leave the analysis of all possible sFVs for future work. Here, we concentrate
on the modifications induced by NROs of the MSSU(5)-model correlations between
the seesaw-induced sQFVs and sLFVs, for each of the three types of seesaw mech-
anism. Explicit formulae for such correlations in the case of the seesaw of types II
and III do not exist in the literature and we derive them in the following, before going
to the case of nrMSSU(5) models. Clearly, these predictions in the MSSU(5) model
are also predictions for those points in the parameter space opened up by NROs in
which the mismatch matrices are approximately the unit matrix. Such points are
obtained in situations like that described in §5, in which the approximate triviality
of these matrices is induced by the proton-decay constraints.
We start by recalling the well-known relation between sLFVs and sQFVs in the
right–right down sector, for the seesaw of type I:
m˜2Dc (i,j) =
(
1 +
tssw
tGUT
)−1
× m˜2 ∗L (i,j), (i 6= j) (11.1)
with tGUT and tssw given by
tGUT =
1
16π2
ln
(
MGUT
Mcut
)
, tssw =
1
16π2
ln
(
Mssw
MGUT
)
. (11.2)
This relation can be easily obtained in an approximated way by integrating the
RGEs for the off-diagonal elements of m˜2 ∗L and m˜
2
Dc induced by the interaction
−N cY IN 5¯M5H of Eq. (2.47), neglecting contributions from all other Yukawa interac-
tions and the scale dependence of the coefficients of these RGEs. We obtain
m˜2 ∗L (i,j) = (tGUT+tssw)× F
(
Y ITN , m˜
2
5¯M
, m˜2 ∗Nc , m˜
2
5H
, AI TN
)
(i,j)
∣∣∣
Q=Mcut
,
m˜2Dc (i,j) = (tGUT) × F
(
Y ITN , m˜
2
5¯M
, m˜2 ∗Nc , m˜
2
5H , A
I T
N
)
(i,j)
∣∣∣
Q=Mcut
, (11.3)
where the function F , defined in Eq. (E.15), acquires the familiar expression
F
(
Y ITN , m˜
2
5¯M
, m˜2 ∗Nc , m˜
2
5H , A
I T
N
)
(i,j)
∣∣∣∣
Q=Mcut
= 2
(
3m˜20 +A
2
0
) (
Y ITN Y
I ∗
N
)
(i,j)
∣∣∣
Q=Mcut
,
(11.4)
under the assumption of universality of soft masses.
As the relation in Eq. (11.1) shows, in the case of the seesaw of type I, sLFVs
are larger than sQFVs in absolute value. This is because the Higgs triplets decouple
at MGUT, a couple orders of magnitude above Mssw.
In the case of the seesaw of type II, the full SU(5) interaction 5¯MY
II
N 15H 5¯M
remains active down to Mssw (see the decomposition of this term in Eq. (2.47)).
Thus, sLFVs and sQFVs are in this case expected to be of the same order up to
subleading SU(5)-breaking effects in the RG flows below MGUT. As for the type III,
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because two of the interactions inducing sLFVs and one of those inducing sQFVs
survive between MGUT and Mssw (see the third decomposition in Eq. (2.47)), the
relation between sLFVs and sQFVs depends on group-theoretical factors.
An explicit calculation is particularly simple within the same approximation
used for the seesaw of type I. Indeed, relations similar to that shown in Eq. (11.1)
are obtained, where tssw has to be replaced by the product of tssw and the functions
rII(tssw, tGUT) and rIII(tssw, tGUT), respectively. Including now the seesaw of type I,
we define a function rssw(tssw, tGUT), which, in the three cases, has the values
rI = 1, rII = 0, rIII = −
(
24 + 10
tssw
tGUT
)−1
. (11.5)
The relation in Eq. (11.1) then becomes
m˜2Dc (i,j) = Rssw × m˜2 ∗L (i,j), (i 6= j) (11.6)
with
Rssw =
[
1 + rssw(tssw, tGUT)
tssw
tGUT
]−1
. (11.7)
Since the ratio tssw/tGUT is assumed here to be . 1, rIII is at the percent level,
and sLFVs and sQFVs differ also at the same order, as in the seesaw of type II.
We summarize the situation in Table I, where we list the SU(5) Yukawa interactions
for the multiplets in which the seesaw mediators are embedded, their SM decom-
positions (omitting signs and numerical coefficients) and the size of sLFVs versus
sQFVs, defined as the ratio |m˜2L (i,j)/m˜2Dc (i,j)| with i 6= j for the three types of see-
saw mechanism. We assume in this table an exact integration of the relevant RGEs,
which explain the value ∼ 1 for this ratio in the case of the seesaw of type II. (The
value rII = 0 was obtained in a particular approximation.)
In the nrMSSU(5) models, the parameters m˜2Dc and m˜
2
L are replaced by m˜
2
Dc
and m˜2L. A one-step integration of the corresponding RGEs for the off-diagonal
elements of these matrices yields in the case of the seesaw of type I:
m˜
2 ∗
L (i,j) = (tGUT+tssw)× F
(
Y ITN , m˜
2 ∗
L , m˜
2 ∗
Nc , m˜
2
Hu ,A
IT
N
)
(i,j)
∣∣∣
Q=Mcut
,
m˜
2
Dc (i,j) = (tGUT) × F
(
Y ITND, m˜
2
Dc , m˜
2 ∗
Nc , m˜
2
HC
U
,AI TND
)
(i,j)
∣∣∣
Q=Mcut
. (11.8)
Thus, the elements m˜2L (i,j) are, to a good approximation,
m˜
2 ∗
L (i,j) = (tGUT+tssw)× 2
(
3m˜20 +A
2
0
)
(Y ITN Y
I ∗
N )(i,j)
∣∣
Q=Mcut
,
m˜
2
Dc (i,j) = (tGUT) × 2
(
3m˜20 +A
2
0
)
(Y ITNDY
I ∗
ND)(i,j)
∣∣
Q=Mcut
. (11.9)
Since we have neglected NROs in the seesaw sectors, in SU(5)-symmetric bases, it
is Y IN = Y
I
ND = Y
I
N . After the SU(5)-breaking rotations D
c → P †I ∆DDc and
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Table I. SU(5) Yukawa interactions for the seesaw multiplets required by the three different types
of seesaw mechanism, and their SM decompositions. Signs and numerical coefficients reported
in the text are omitted here. The expected sizes of the induced sLFVs versus sQFVs, as defined
in the text, are also given.
type I type II type III (and I)
mediator Nc 15H 24M
interaction Nc5¯M5H 5¯M15H 5¯M 5H24M 5¯M
only sLFVs
NcLHu LTL HuWML, HuBML
- - HCUXML
sLFVs& sQFVs - DcLQ15 -
only sQFVs
- DcSDc HuX¯MD
c
NcDcHCU - H
C
UGMD
c, HCUBMD
c
|sLFVs/sQFVs| > 1 ∼ 1 ∼ 1
L → e−iφIP †I L, and generalizing our expressions to include all three seesaw types,
we obtain
m˜
2
Dc (i,j) = Rssw ×
(
∆TD m˜
2 ∗
L ∆
∗
D
)
(i,j)
, (11.10)
where the presence of the mismatch matrices clearly breaks the simple correlation
between the seesaw-induced sQFVs and sLFVs present in the MSSU(5) model. This
fact was already strongly emphasized in Ref. 19). While the authors of this paper,
however, stressed this effect for the case of first–second generation transitions, it
is easy to see that the correlations of the minimal model are also lost in the case
of second–third and first–third generation transitions.22) Indeed, for the flavour
transitions (i, 3), with i = 1, 2, we have
m˜
2
Dc (i,3) = Rssw ×
{
∆D (1,i)∆
∗
D (2,3) m˜
2 ∗
L (1,2) +∆D (2,i)∆
∗
D (1,3) m˜
2 ∗
L (2,1)
+∆D (1,i)∆
∗
D (3,3) m˜
2 ∗
L (1,3) +∆D (3,i)∆
∗
D (1,3) m˜
2 ∗
L (3,1)
+∆D (2,i)∆
∗
D (3,3) m˜
2 ∗
L (2,3) +∆D (3,i)∆
∗
D (2,3) m˜
2 ∗
L (3,2)
+∆D (i,i) ∆
∗
D (i,3)
[
m˜
2 ∗
L (i,i) − m˜2 ∗L (j,j)
]
+∆D (3,i)∆
∗
D (3,3)
[
m˜
2 ∗
L (3,3)− m˜2 ∗L (j,j)
]}
, (11.11)
with j = (1, 2) and j 6= i, where the unitarity of the matrix (∆D) was used. If no
hierarchies exist among the elements of the unitary matrix ∆D, all terms in this
equation contribute in the same way to the off-diagonal elements, m˜2Dc (i,3), except
perhaps those in the last two lines, where the diagonal elements of m˜2L tend to cancel
each other under the assumption of universal boundary conditions for the soft terms.
An equally complicated expression is obtained for m˜2Dc (1,2) in terms of all elements in
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the matrix m˜2L and of the mismatch matrix ∆D, which we do not report here. We list
instead the expression that both m˜2Dc (1,2) and m˜
2
Dc (i,3) get when the approximation
of §4.3 is used:
m˜
2
Dc (1,2) = Rssw ×
{
∆D (1,1)∆
∗
D (2,2) m˜
2 ∗
L (1,2) +∆D (2,1)∆
∗
D (1,2) m˜
2 ∗
L (2,1)
+∆D (1,1)∆
∗
D (1,2)
[
m˜
2 ∗
L (1,1) − m˜2 ∗L (3,3)
]
+∆D (2,1)∆
∗
D (2,2)
[
m˜
2 ∗
L (2,2)− m˜2 ∗L (3,3)
]}
, (11.12)
m˜
2
Dc (i,3) = Rssw ×
{
∆D (1,i) m˜
2 ∗
L (1,3) +∆D (2,i) m˜
2 ∗
L (2,3)
}
∆∗D (3,3). (11
.13)
In the above relations, the prediction of the MSSU(5) model is recovered for
(∆D)(1,2) ∼ 0, but it is strongly violated if (∆D)(1,2) ∼ (∆D)(1,1). Even in such a
case, there is a relation between elements of m˜2Dc and m˜
2
L that remains unchanged
by the rotation matrix ∆D:[∣∣∣m˜2Dc (1,3)∣∣∣2 +∣∣∣m˜2Dc (2,3)∣∣∣2]1/2 = Rssw × [∣∣∣m˜2 ∗L (1,3)∣∣∣2 +∣∣∣m˜2 ∗L (2,3)∣∣∣2]1/2, (11.14)
reported also in Ref. 22).
§12. Summary
We have analyzed the issue of flavour and CP violation induced by seesaw
Yukawa couplings in the low-energy soft parameters of the MSSU(5) model with
NROs and the seesaw mechanism, or nrMSSU(5) models. Although our way of deal-
ing with these NROs at the quantum level is closer to the procedure proposed in
Ref. 38), we have largely built on the analysis presented in Ref. 19), the first to
deal in this context with NROs to correct the erroneous predictions of the MSSU(5)
model for fermion masses. The addition of NROs is a minimal ultraviolet completion
sufficient to rescue the MSSU(5) model also from the other fatal problem by which
it is plagued, i.e., that of predicting a rate for the decay of the proton that is too
fast.
We have gone beyond the analysis of Ref. 19) in several directions. We have not
tried to restrict the number and type of NROs introduced, complying with the idea
that, barring accidentally vanishing couplings, it is difficult to confine NROs to a
certain sector of the model, or impose that they are of a certain type. Their physical
relevance, however, decreases when their dimensionality increases and, depending
on the accuracy required for the problem under consideration, NROs of certain
dimensions can be completely negligible. For our calculation of sFVs at a precision
of O(s × sloop), it is sufficient to include NROs of dimension five at the quantum
level and the tree-level boundary values of NROs of dimension six. Despite this, we
have kept our discussion as general as possible.
Since their impact is of little consequence for sFVs, we have also disregarded
the effects of NROs in the Higgs sector. This approximation has allowed us to
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neglect possible modifications of the vacuum structure, which is, therefore, that of
the MSSU(5) model, although a generalization to the case with nonvanishing NROs
in this sector is conceptually straightforward. We have studied this vacuum in detail,
emphasizing the scaling behaviour of the scalar and auxiliary VEVs v24 and F24 of
the field 24H . We have also shown what an important role these two VEVs play
for the determination of the boundary conditions of various soft parameters and for
their evolution.
We have introduced the concept of effective couplings, which get contributions
from the couplings of renormalizable operators and those of nonrenormalizable ones
when the field 24H acquires VEVs. This concept can be applied to the case of other
GUT groups (it was, indeed, introduced in Ref. 38), for a SUSY SO(10) model) and
can also be used when the superheavy Higgs fields acquiring VEVs are not in the
adjoint representation.
By making use of these couplings, we have analyzed in full generality the amount
of arbitrariness introduced by NROs in the Yukawa sector, which, in general, spoils
the correlation between the seesaw-induced sQFVs and sLFVs typical of the MSSU(5)
model. This arbitrariness can be parametrized by several diagonal matrices of ef-
fective Yukawa couplings and several matrices of diagonalization mismatch, each of
them expressed in terms of mixing angles and phases. The parameter space opened
up by the introduction of NROs in this sector is, indeed, quite large. It is precisely
this arbitrariness that allows us to decrease the decay rate of the proton.
We have pointed out that the suppression of this rate through NROs in the
Yukawa sector may have an important feedback for the evaluation of sFVs. We have
shown that the correlation between the seesaw-induced sQFVs and sLFVs typical
of the MSSU(5) model remains practically unchanged in a particular point of the
above parameter space in which the decay rate of the proton is suppressed. We have
also pointed out that different NROs, in addition to those in the Yukawa sector,
could yield the necessary suppression of the proton-decay rate and argued, as a con-
sequence, that the suppression of this rate by NROs does not necessarily guarantee
that the pattern of sFVs in nrMSSU(5) models remains that of the MSSU(5) one.
The concept of effective couplings has allowed us to formulate in a general way
the problem of possible sFVs at the tree level, i.e., in the boundary conditions of soft
parameters, which NROs, in general, introduce. It has provided a tool to address the
problem of finding conditions to be imposed on the couplings of the SUSY-breaking
mediator X to the superpotential and Ka¨hler potential to avoid such tree-level sFVs
(see §§7.1 and 7.2). This is because the usual requirement of universality of these
couplings, that is, of blindness to flavour and field type, is not sufficient in the context
of models with NROs. We have called this blindness weak universality.
We have shown that the needed special conditions can actually be obtained in
a general way in models with NROs, by imposing that this universality of couplings
of X to the superpotential and Ka¨hler potential is stable under the field redefinitions
of Eq. (8.3), and that the dimension-five operators in the Ka¨hler potential can be
removed. This has led us to identify a special type of universal couplings of X to the
superpotential and Ka¨hler potential, or strongly universal couplings, which amounts
to having, in the same basis, the factorizable form of Eqs. (8.8) and (8.18) for these
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two potentials. Clearly, in models with vanishing NROs, such as the MSSM, the two
notions of universality coincide.
When this type of strong universality is advocated, the soft SUSY-breaking terms
can be described in terms of the usual four parameters, m˜20, A0, B0 andM1/2, and the
only arbitrariness induced by NROs in the predictions of the seesaw-induced sFVs is
that of the Yukawa sector. If we impose (B0 −A0)2 = m˜20, the situation is like that
emerging by taking the flat limit of models embedded in minimal supergravity. In
both cases, an ambiguity appears at the GUT scale in the determination of the MSSM
B parameter, depending on how the tuning for this and the MSSM µ parameters
are made.
We have found that it is possible to extend the picture of effective couplings
to the quantum level, obviously not in general, but within certain limits. These
limits restrict the accuracy that can be obtained for the evaluation of sFVs in
nrMSSU(5) models treated in this way. The maximal accuracy that we can achieve
is of O(s × sloop). Nevertheless, this is more than adequate for our study of sFVs.
We have shown that within this accuracy, the nrMSSU(5) models can be treated like
renormalizable ones, as the effective couplings do obey RGEs typical of renormaliz-
able models. Clearly, this is not true for the original couplings of the various NROs.
The evolution of the VEVs of the field 24H , however, corrects for the difference in
the running of these original couplings, which enter in the definition of the effective
couplings, and the running of the effective couplings themselves. As shown in Ap-
pendix C, this fact is completely general, and it applies to i) other GUT groups, ii)
the case in which the fields that acquire VEVs are in representations different than
the adjoint, and iii) the case in which NROs are included in the Higgs sector.
Within the accuracy of our analysis, the one-loop results obtained with this
method are not different from those obtained with the more conventional method of
Ref. 19), when the running of the two VEVs v24 and F24 is kept into account. The
effect of this running is missed in the existing literature19), 22) (see for example the
discussion at the end of §10.2).
We have insisted on this effective picture as it gives, in our opinion, a very clear
physical interpretation of the parameters of these models and includes the running
of the VEVs in a natural way.
We have given complete lists of RGEs for the nrMSSU(5) models, together with
those for the MSSU(5) model, and for the MSSM, for all the three types of seesaw
mechanism. (This last set of evolution equations are needed at scales below MGUT.)
Some of these RGEs are presented here for the first time. The others provide a check
of RGEs existing in the literature, which we correct when possible.
Finally, by making use of approximated solutions of the above RGEs, we have
sketched how the predictions for the seesaw-induced sFVs can be modified by the
presence of NROs in the Yukawa sector, in the scenario of strongly universal couplings
of X to the Ka¨hler potential and superpotential. Modifications are induced not only
in first–second generation sFVs, but also in those involving the third generation.
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Appendix A
Embeddings in GUT Representations:
Normalizations and Group Factors
Lepton and Higgs doublets of SU(2) are contained in 5plets of SU(5); antidou-
blets in 5¯plets, with the antidoublet of, say, L given by ǫL. We recall that ǫ is the 2×2
matrix proportional to the Pauli matrix σ2 (ǫ = iσ2), with elements ǫ11 = ǫ22 = 0,
ǫ12 = −ǫ21 = 1. Thus, the SM decompositions of 5¯M , 5H and 5¯H are
(5¯M )A =
(
Dca
(ǫL)α
)
, (5H)A =
(
(HCU )a
(Hu)α
)
, (5¯H)A =
(
(HCD)a
(ǫHd)α
)
, (A.1)
where A, like all SU(5) indices denoted with upper-case latin letters, is decomposed
into SU(3) and SU(2) indices, denoted respectively by lower-case latin letters and
lower-case Greek ones. The 10plet of SU(5) is usually expressed as a 5× 5 antisym-
metric matrix:
(10M )AB =
1√
2
(
ǫabcU
c
c −QTaβ
Qαb −ǫαβEc
)
, (A.2)
with ǫabc antisymmetric in the exchange of two contiguous indices, and ǫ123 = 1. The
multiplication rule 10∗M10M = (10
∗
M )AB(10M )AB = Tr(10
†
M10M ), together with the
coefficient 1/
√
2, guarantees that the kinetic terms for 10M are correctly normalized.
The SU(2) doublets Q, L, Hu and Hd in the previous two equations are, as
usual,
Q =
(
U
D
)
, L =
(
N
E
)
, Hd =
(
H0d
H−d
)
, Hu =
(
H+u
H0u
)
. (A.3)
The SU(5) multiplication of a 5 and a 5¯ multiplet, such as inWRHN in Eq. (2.46),
is understood to be trivially 5¯M5M ≡ (5¯M )A(5M )A. The first two terms ofWMSSU(5)M
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in Eq. (2.2) are
5¯M10M 5¯H ≡ (5¯M )A(10M )AB(5¯H)B ,
10M10M5H ≡ ǫABCDE(10M )AB(10M )CD(5H)E . (A.4)
The tensor ǫABCDE is fully antisymmetric, with ǫ12345 = 1 and ǫabcαβ = ǫabcǫαβ .
These multiplication rules and the embedding of doublets and antidoublets in 5
and 5¯ multiplets specified above are consistent with the usual multiplication rule
for SU(2) doublets, LHd ≡ Lαǫαβ(Hd)β , and the SU(3) multiplication, DcU cHCD ≡
ǫabcD
c
aU
c
b (H
C
D)c.
Given all the above definitions, it is easy to see that the SM decomposition of
the two terms in W
MSSU(5)
M is
√
2 5¯MY
510M 5¯H =−DcY 5QHd − EcY 5TLHd − LY 5QHCD −DcY 5U cHCD ,
−1
4
10MY
1010M5H = U
cY 10QHu +
1
2
QY 10QHCU + U
cY 10EcHCU ; (A.5)
that for the Yukawa interaction in WRHN can be read off from Eq. (2.47).
The Higgs field 24H is accommodated into the traceless 5× 5 matrix:
(24H)AB =
(
(GH)ab (XH)aβ
(ǫX¯H)αb (ǫWH)αβ
)
+BH
√
6
5
(
1
3δab 0
0 −12δαβ
)
, (A.6)
where the subscript index H distinguishes its components from those of the gauge
field in the adjoint representation 24, G, X, X¯ , W , and B. We define (24H )AB ≡√
2 24iHT
i
AB (i = 1, ..., 24), and similarly, (GH)ab ≡
√
2GiHT
i
ab (i = 1, ..., 8) and
(WH)αβ ≡
√
2W iHT
i+20
αβ (i = 1, 2, 3). The symbols T
i denote, as usual, SU(5)
generators, with TrT iT j = (1/2)δij . The field XH is an SU(2) doublet and an SU(3)
antitriplet and has hypercharge 5/6; X¯H , with hypercharge −5/6, is an antidoublet
of SU(2) and a triplet of SU(3). The field BH , or 24
24
H , is a SM singlet, and
√
2T 24AB
is the quantity
√
6/5 diag(1/3, 1/3, 1/3,−1/2,−1/2) that multiplies it in Eq. (A.6).
It is the field BH that acquires the SU(5)-breaking VEV 〈BH〉:
BH → 〈BH〉+B′H . (A.7)
In the limit of exact SUSY, this VEV coincides with v24 of Eq. (2.13).
With these ingredients, it is easy to obtain the SM decomposition of the terms
in W
MSSU(5)
H (Eq. (2
.3)). The first two terms give rise to
µ3H
C
UH
C
D + µ2HuHd, (A.8)
with µ2 and µ3 defined in Eqs. (2.14) and (2.15), and to
λ5
{
HCU
[
GH +
√
6
5
1
3
B′H
]
HCD +
[
HCUXHHd +HuX¯HH
C
D
]
+Hu
[
WH −
√
6
5
1
2
B′H
]
Hd
}
. (A.9)
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Finally, for the products of 24H , we recall that
(24H )
2 = Tr(24H 24H),
(24H )
3 =
1
2
Tr({24H , 24H}24H ) = Tr(24H 24H 24H). (A.10)
The last relation is not general, but applies to the specific case considered here.
Thus, for the last two terms in W
MSSU(5)
H , we obtain the decompositions
24H
2 = BH
2 +
∑
i
(GiH)
2 +
∑
i
(W iH)
2 +
(
XHX¯H − X¯HXH
)
,
24H
3 = − 1√
30
BH
3 + 3
√
6
5
BH
×
[
1
3
∑
i
(GiH)
2 − 1
2
∑
i
(W iH)
2 +
1
3
XHX¯H +
1
2
X¯HXH
]
+ · · · . (A.11)
Once the field BH acquires its VEV, the superpotential mass terms for the fields
B′H , G
i
H , and W
i
H become, in the supersymmetric limit:
− 1
2
M24
(
B′H
)2
+
1
2
(5M24)
∑
i
(GiH)
2 − 1
2
(5M24)
∑
i
(W iH)
2, (A.12)
whereas the Goldstone bosons XH and X¯H remain massless.
The matter fields 24M are as 24H , with the subscript index H replaced by M
everywhere. Three such fields are introduced for the implementation of the seesaw
of type III, labelled by a flavour index, which is suppressed in this appendix. The
decomposition of the mass term 24MM24M 24M , appearing in W24M of Eq. (2.46),
follows that of 242H . The product 24M24M24H in the last term of W24M, in contrast,
is not as simple as the product (24H)
3 discussed above. This is because there are, in
reality, two ways to obtain a singlet out of the product of three adjoint representations
of SU(5). Indeed, the product of two 24’s is
24 × 24 = 1 + 24S + 24A + · · · , (A.13)
where 24S and 24A correspond, respectively, to a symmetric and an antisymmetric
product. In the case of (24H)
3, the antisymmetric part vanishes. In contrast, since
more than one field 24M exists, the antisymmetric product of two different 24M ’s
does not vanish, and 24M24M24H gets contributions from both the symmetric and
antisymmetric products:
(242M24H) =
1
2
Tr({24M , 24M} 24H ) + 1
2
Tr([24M , 24M ] 24H ). (A.14)
Thus, two distinct interaction terms with different Yukawa couplings Y S24M and
Y A24M exist. The decomposition of the term 5H24MY
III
N 5¯M in W24M is given in
Eq. (2.47), where the terms HuWMHd and HuBMHd are understood as H
T
u ǫWM ǫHd
and HTu BM ǫHd, respectively.
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The 15H and 1¯5H representations are expressed as 5× 5 symmetric matrices:
(15H )AB =
 Sab
1√
2
(QT15)aβ
1√
2
(Q15)αb Tαβ
 ,
(1¯5H)AB =
 S¯ab
1√
2
(Q¯T15ǫ
T )aβ
1√
2
(ǫQ¯15)αb (ǫT¯ ǫ
T )αβ
 . (A.15)
In these matrices, S and S¯ are singlets of SU(2) and a 6plet and 6¯plet of SU(3),
respectively; Q15 has the same SU(3) and SU(2) quantum numbers of Q in Eq. (A.3),
Q¯15 the opposite ones:
Q15 =
(
U15
D15
)
, Q¯15 =
( −D¯15
U¯15
)
, (A.16)
T and T¯ are singlets of SU(3) and a triplet and an antitriplet of SU(2), respectively.
Explicitly,
T =
 T++
1√
2
T+
1√
2
T+ T 0
 , T¯ =
 T¯ 0
1√
2
T¯−
1√
2
T¯− T¯−−
 . (A.17)
The factor 1/
√
2 in the off-diagonal elements of 15H and 1¯5H is introduced in order
to obtain the correct normalization of the kinetic terms for 15H and 1¯5H . We recall
that
15∗H15H = (15
∗
H)AB(15H )AB ,
1¯5∗H 1¯5H = (1¯5
∗
H)AB(1¯5H)BA,
15H 1¯5H = (15H)AB(1¯5H)BA,
5¯M15H 5¯M = (5¯M )A(15H)AB(5¯M )B ,
15H24H 1¯5H = (15H)AB(24H )BC(1¯5H)CA. (A.18)
Similar rules holding for 5H 1¯5H5H and 5¯H15H 5¯H .
Thus, the bilinear combination of the fields 15H and 1¯5H in the mass term
M1515H 1¯5H in W15H in Eq. (2.46) is
SS¯ +Q15Q¯15 + T T¯ , (A.19)
where T T¯ = TǫT¯ ǫT . The SM decomposition of the first interaction in W15H can be
read off from Eq. (2.46). The remaining terms proportional to λD and λU in W15H
are
1√
2
λD5¯H15H 5¯H =
1√
2
λD
{
HCDSH
C
D +
√
2HCDQ15Hd +HdTHd
}
,
1√
2
λU5H 1¯5H5H =
1√
2
λU
{
HCU S¯H
C
U −
√
2HCDQ¯15Hu +HuT¯Hu
}
, (A.20)
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where the SU(2) multiplications of HdTHd (as well as of LTL in Eq. (2.47)) and
HuT¯Hu are understood to be H
T
d ǫ
TTǫHd and H
T
u ǫT¯ ǫ
THu, respectively.
As for the proton-decay NROs in Eq. (3.2), the product of matter fields is un-
derstood as
[(10M )h(10M )i][(5¯M )j(10M )k] =
ǫABCDE [((10M )AB)h((10M )CD)i][((5¯M )X)j((10M )XE)k], (A.21)
with all SU(5) indices A,B,C,D,X summed over {1, 2, 3, 4, 5}. The fields 24H in
this NRO are understood to be inserted anywhere along the string of matter fields.
That is, OpPD shares the same type of complication that Op10 has.
The NROs in Op10 are, indeed,
Op10 = −1
4
ǫABCDE (10M )A′B′(10M )C′D′(5H)E′
k∑
∑
ni=0
(
1
Mcut
)(∑ni)
×C10n1,n2,n3,n4,n5 (24H)n1A′A (24H)n2B′B (24H )n3C′C (24H)n4D′D (24H )n5E′E, (A.22)
where it is assumed that
(24H )
n
AB = δAB for n = 0. (A.23)
Note that when k = 1, i.e., in the case of NROs of dimension five, the five terms in
the above sum are not all independent: they reduce to the two terms of Op10|5 in
Eq. (3.4). The number of independent terms, however, increases rapidly with the
number of dimensions. There are five, when k = 2:
Op10|6 = − 1
4Mcut
[
10M C
10
2;a (24H )
2 10M5H + 10M C
10
2;b 10M 5H (24H )
2
+10M C
10
1,1;a (24H) 10M (24H) 5H + 10M C
10
1,1;b (24H ) 10M 5H (24H )
+10M C
10
1,1;c (24
T
H)10M (24H) 5H
]
, (A.24)
with coefficients that are linear combinations of the original C10n1,n2,n3,n4,n5 ’s.
The contractions of SU(5) indices for the NROs in Op5|5 and Op10|5 are
5¯M24
T
H10M 5¯H = (5¯M )A(24H)BA(10M )BC(5¯H)C ,
5¯M10M24H 5¯H = (5¯M )A(10M )AB(24H )BC(5¯H)C ,
10M10M24H5H = ǫABCDE(10M )AB(10M )CD′(24H)D′D(5H)E ,
10M10M5H24H = ǫABCDE(10M )AB(10M )CD(5H)E′(24H)E′E . (A.25)
Those for the NROs in Op10|6 are at this point a simple exercise.
Appendix B
Flavour Rotations and Identification of SM Fields
We recall that two different unitary matrices are needed to diagonalize a generic
matrix YG, whereas only one is needed to diagonalize a symmetric one YS:
ŶG = U
T
GYGVG, ŶS =W
T
S YSWS , (B.1)
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and that any unitary matrix can be parametrized as
U = eiφUP
(1)
U KUP
(2)
U . (B
.2)
Here, KU and P
(i)
U (i = 1, 2), like allK- and P -matrices in this paper, are respectively
a unitary matrix with three mixing angles and one phase (the CKM matrix is of this
type) and diagonal phase matrices with two nonvanishing phases and with detP
(i)
U =
1; φU is an overall phase.
Thus, YG and YS can be recast as
YG = e
iφG
(
KUGP
(2)
UG
)T
ŶG PG
(
KVGP
(2)
VG
)
,
YS = e
iφS
(
KSP
(2)
S
)T
ŶS PS
(
KSP
(2)
S
)
. (B.3)
This is nothing but a reshuffling of the parameters of YG and YS. The eighteen
independent parameters of YG are distributed among the three real and positive
eigenvalues collected in ŶG, six mixing angles in KUG and KVG , and nine phases:
two in each of the matrices P
(2)
UG
, P
(2)
VG
, PG, one in each of the two matrices KUG and
KVG and one in the overall factor e
iφG . Similarly, the twelve parameters of YS are
distributed among three real and positive eigenvalues, three mixing angles in KS ,
and six phases, four in PS and P
(2)
S , one in KS , and one in the overall factor.
If the Yukawa matrices Y 5 and Y 10 in W
MSSU(5)
M in Eq. (2
.2) are diagonalized
as
Ŷ 5 = V T5 Y
5V10, Ŷ
10 =W T10Y
10W10, (B.4)
the following flavour rotations of the complete SU(5) multiplets 5¯M , 10M :
5¯M → V55¯M , 10M → V1010M , (B.5)
reduce the first interaction term of W
MSSU(5)
M to be diagonal. By expressing the
unitary matrix W †10V10 as
W †10V10 = P
(1)
10 K10P
(2)
10 e
iφ10 ≡ UCKM, (B.6)
where K10 will be identified with the high-scale CKM matrix, and by further re-
defining 5¯M and 10M as
5¯M → eiφ10P (2)10 5¯M , 10M → e−iφ10P (2) †10 10M , (B.7)
we obtain the form of W
MSSU(5)
M given in Eq. (2
.4).
The choice of the SU(5)-breaking rotation of Eq. (2.6) is specifically made to have
the CKM matrix in the up-quark sector of the MSSM, as K10 is in the 10M -sector
of the MSSU(5) model, whereas the rotation
5¯M = {Dc, e−iφlP †l L}, 10M = {K†10Q,K†10P †10U c, eiφlPlEc}, (B.8)
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has the effect of shifting the CKM matrix in the down-squark sector of the MSSM:
W ′MSSM = U c ŶU QHu −Dc
(
ŶDK
†
CKM
)
QHd − Ec ŶD LHd. (B.9)
The flavour bases in this equation and in Eq. (2.8) are the most commonly used in
the MSSM. The basis in which W ′MSSM has the form
W ′MSSM = U c
(
KTCKMŶUKCKM
)
QHu −Dc ŶDQHd − Ec ŶD LHd, (B.10)
is used in Ref. 43) (see §5). Except for the removal of the phases in P10, this special
form does not require SU(5)-breaking rotations to match the MSSU(5) model with
the MSSM at MGUT.
Note that we could have also chosen to parametrize Y 5 and Y 10 in W
MSSU(5)
M in
such a way to have the matrix K10 in the 5¯M sector:
W
MSSU(5)
M =
√
2 5¯M
(
Ŷ 5K†10P
(1)
10
)
10M 5¯H − 1
4
10M Ŷ
10 10M5H . (B.11)
For this, it is sufficient to rotate the field 10M with the matrix W10 instead than
with V10 as done above, and 5¯M as in Eq. (B.7). Starting from this superpotential,
which basis for the up- and down-quark sectors for the MSSM superpotential should
be used is again a matter of choice.
Of the two complex matrices in WRHN in Eq. (2.46), Y
I
N is a generic complex
matrix, MN , a symmetric one, and both are diagonalized as
Ŷ IN = U
IT
N Y
I
NV
I
N , M̂N =W
IT
N MNW
I
N . (B.12)
Thus, for the diagonalization of the mass term in WRHN, it is sufficient to flavour
rotate N c:
N c →W IN N c. (B.13)
This and the two rotations of 5¯M transform the Yukawa term into
eiφ10N c
(
U I †N W
I
N
)T
Ŷ IN
(
V I †N V5
)
P
(2)
10 5¯M5H , (B.14)
which can be recast in the form
eiφIN c
(
P aI K
IT
UN
)
Ŷ IN
(
P bIK
I
VN
)
PI 5¯M5H , (B.15)
once the two unitary matrices (U I †N W
I
N ) and (V
I †
N V5)P
(2)
10 are parametrized as in
Eq. (B.2).
That is, no reduction of the original eighteen parameters of Y IN is possible.
However, below MGUT, the freedom in identifying the SU(2) doublet and singlet
leptonic components of 5¯M and 10M (see Eq. (2.6)) allows the elimination of three
phases in the purely leptonic part of this interaction term, say, eiφIPI, and the
identification
Y Iν = P
a
I K
I T
UN
Ŷ IN P
b
IK
I
VN
. (B.16)
76 F. Borzumati and T. Yamashita
The situation for the seesaw of type III mirrors exactly that for the seesaw of
type I. The matrix M24M is diagonalized as MN , reducing the Yukawa interaction to
eiφIII 5H 24M
(
P aIIIK
IIIT
UN
)
Ŷ IIIN
(
P bIIIK
III
VN
)
PIII 5¯M , (B.17)
and the connection between Y IIIν and Ŷ
III
N is as in Eq. (B
.16), with the replacement
I→ III.
For the seesaw of type II, the symmetric matrix Y IIN is diagonalized as YS in
Eq. (B.1), and no diagonalization is needed for M15, which is just a number. Thus,
the first Yukawa interaction in W15H reduces to
ei2φII
1√
2
5¯MPII
(
KIIWNP
a
II
)T
Ŷ IIN
(
KIIWNP
a
II
)
PII15H 5¯M . (B.18)
As before, the phase φII and the two in PII can be eliminated in the purely leptonic
part of this interaction. The Yukawa coupling of this part has, therefore, only nine
physical parameters, those in the symmetric matrix Y IIν , which can be expressed as
Y IIν =
(
KIIWNP
a
II
)
Ŷ IIN
(
KIIWNP
a
II
)T
. (B.19)
Appendix C
Evolution of the VEVs of the Field 24H
We show here that the RGEs in Eq. (2.27) hold in a model-independent way for
the leading components of the scalar and auxiliary VEVs of any chiral superfield φj ,
with anomalous dimension γj , provided the scalar VEV of φj i) exists in the SUSY
limit, i.e., it is determined by superpotential parameters, and ii) is much larger than
the SUSY-breaking scale m˜. We call vj the VEV of φj in the SUSY limit, and M
the superpotential large scale that determines it.
As usual, we expand the superpotential and Ka¨hler potential in powers of the
SUSY-breaking VEV FX over the cutoff scale, FX/Mcut = fX, which we denote
generically by m˜:
W (m˜) =W + m˜θ2W˜ ,
K(m˜) = K + [m˜θ2K˜ +H.c.] +O(m˜2). (C.1)
The scalar potential is then given by
V = −F iKji Fj + [(W j − m˜K˜j)Fj + m˜W˜ +H.c.] +O(M2m˜2), (C.2)
where we use covariant and contravariant indices, which have been avoided elsewhere
in the main text. The symbols Fj (F
i) denote the auxiliary components of the
chiral (antichiral) multiplets φj (φ
i). In contrast, a subscript (superscript) index
in V , W , W˜ , K, and K˜ denotes the derivative of these functions with respect to
φj (φi).
From the derivative of the scalar potential with respect to Fj , we find
F i = (W j − m˜K˜j)(K−1)ij , (C.3)
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which allows to recast the scalar potential in the form
V = (W j − m˜K˜j)(K−1)ij(Wi − m˜K˜i) + [m˜W˜ +H.c.] +O(M2m˜2). (C.4)
Note that if it is possible to reduce the Ka¨hler potential to its canonical form, with
K˜ = 0 and Kij = δ
i
j , then the scalar potential reduces to that of Eq. (2.18) in the
specific case of the MSSU(5) model. The condition of minimality of the Ka¨hler
potential is, however, not required in the following.
In the SUSY limit m˜→ 0, the auxiliary component F j must vanish and, there-
fore,
W j = 0, (C.5)
which determines the scalar VEV vj independently of the Ka¨hler potential, in gen-
eral, of O(M).
For nonvanishing m˜, this scalar VEV so obtained is shifted by terms of O(m˜),
and an auxiliary VEV is also generated. At O(M2m˜), the vacuum condition is
V k = W jk(K−1)ij(Wi − m˜K˜i) + m˜W˜ k +O(Mm˜2) = 0, (C.6)
where we have used the fact that Wi, and therefore, also (Wi − m˜K˜i), are at most
of O(Mm˜), from which we obtain the leading, nonvanishing contribution to the
auxiliary VEV, of O(Mm˜):
Fj = (K
−1)ij(Wi − m˜K˜i) = −m˜
W˜ k
W jk
+O(m˜2). (C.7)
Despite the apparent dependence on the Ka¨hler potential shown by the first equality
in this equation, Fj is in reality determined by the superpotential only.
Through the same analysis, it is easy to see that the higher order terms δvj ,
δFj and δ
2vj of the scalar and auxiliary VEVs of φj expanded in m˜/M do depend
on the Ka¨hler potential. Thus, their evolution equations are sensitive to the vertex
corrections that this potential obtains at the quantum level and are, therefore, quite
different from those for vj and Fj .
Having established that vj and Fj are independent of the Ka¨hler potential,
it is then easy to obtain their evolution equations independently of their specific
expression. Redefinitions of the field φi act as
φj → exp
[(
γj + γ˜jθ
2
)
t
]
(φj)
r , (C.8)
with the label r distinguishing the redefined field. Since these redefinitions are just
a renaming, we can equate the VEVs of the left-hand side and right-hand side in
this equation, obtaining
1
t
{〈(φj)r〉 − 〈φj〉} = −
{
γjvj + θ
2
[
γjFj + γ˜jvj
]}
+O(t), (C.9)
which reproduces Eq. (2.27) in the limit t→ 0.
78 F. Borzumati and T. Yamashita
Appendix D
Renormalization of Effective Couplings
We prove in this appendix that the effective couplings evolve all the way up to
the cutoff scale following RGEs that are formally those of an MSSU(5) model broken
at O(s), but with gauge interactions respecting the SU(5) symmetry. We prove this
specifically for the 5¯M sector with a type I seesaw. We rewrite the superpotential
class of operators Op5 as
Op5 =
√
2 (5¯M )A
(
Y 5(24H
)
)ABCD (10M )BC (5¯H)D , (D
.1)
where the effective coupling Y 5(24H ) is defined as
(
Y 5(24H)
)
ABCD
=
k∑
n+m=0
C5n,m
(
24TH
Mcut
)n
AB
(
24H
Mcut
)m
CD
, (D.2)
with (24H)
0
AB defined in Eq. (A
.23). It will be shown later how the effective couplings
Y 5i (i =D,E,DU,LQ) used in §3.1 are related to this. Similarly, we rewrite Op5(X) in
Eq. (6.3), which gives rise to O˜p5, as
Op5(X) =
√
2 (5¯M )A
(
Y˜
5
(X, 24H)
)
ABCD
(10M )BC (5¯H)D , (D
.3)
with (Y˜
5
(X, 24H ))ABCD defined as(
Y˜
5
(X, 24H )
)
ABCD
=
(
X
Mcut
) k∑
n+m=0
a5n,mC
5
n,m
(
24TH
Mcut
)n
AB
(
24H
Mcut
)m
CD
. (D.4)
We expand Y 5(24H) around the VEV of 24H : 〈24H〉 =
√
2 〈2424H 〉T 24 + 24′H ,
with T 24 the 24th generator of SU(5), and 24′H denoting the quantum fluctuations
of the field, including the Nambu-Goldstone modes:
Y 5(24H) = Y
5(〈24H 〉) + Y 5′(〈24H 〉)24′H +O(24′H2), (D.5)
where we have suppressed here all SU(5) indices. (These indices should be handled
with care in the second term, where the prime indicates the derivative with respect
to the field 24H .) We shall reinstate them back when it is important to show the
SU(5) structure in quantities containing these couplings.
As discussed in §2.2, 〈2424H 〉 is decomposed in the VEVs of the scalar and auxiliary
components, 〈BH〉 and 〈FBH 〉, as in Eq. (2.10). At the leading order in m˜/MGUT,
which is sufficient for this discussion, it is 〈BH〉 = v24 and 〈FBH 〉 = F24. Thus, the
lowest order in this expansion is
Y 5(〈24H 〉) ≡ Y 5 + θ2A5F24 =
k∑
n+m=0
C5n,m
(〈2424H 〉
Mcut
)n+m(√
2T 245¯M
)n(√
2T 245¯H
)m
, (D.6)
where the lower labels in the generator T 24 denote whether it is acting on the repre-
sentation 5¯M or 5¯H . Note the use of the symbol Y
5 for the term in which all VEVs
MSSU(5) Models with NROs 79
are scalar, and of A5F24 for the term in which one of them is the auxiliary VEV. It
is justified by the fact that Y 5 and A5F24 reduce to the couplings in Eq. (3
.7) and
to the couplings A5i,F24 discussed in §6.1, when the generators T 24 in this equation
are replaced by their eigenvalues. Contrary to that of §3, the formulation given here
allows us to maintain an SU(5)-symmetric structure.
Similarly, the lowest order in the expansion of Y˜
5
(X, 24H ), with X also replaced
by the VEV of its auxiliary component, is
Y˜
5
(〈X〉, 〈24H 〉) ≡ θ2A5|FX = θ2
k∑
n+m=0
C˜5n,m
(〈2424H 〉
Mcut
)n+m(√
2T 245¯M
)n(√
2T 245¯H
)m
,
(D.7)
and the complete effective coupling A5 is
A5 = A5FX +A
5
F24 . (D
.8)
We are now in a position to calculate the one-loop corrections to the Ka¨hler
potential coming from the above effective couplings. For example, the corrections to
5¯M 5¯
∗
M due to the effective coupling Y
5(24H), with the fields 10M and 5¯H exchanged
in the loop, are
δK ⊃ −4t5¯M
[
Y 5(24H )Y
5 †(24H ) + Y˜
5
(X, 24H )Y
5 †(24H )
+Y 5(24H)Y˜
5 †
(X, 24H) + Y˜
5
(X, 24H)Y˜
5 †
(X, 24H )
]
5¯∗M , (D.9)
where t is the usual factor t = ln(Q/Q0)/(16π
2). The saturation of SU(5) indices
not shown in this equation, is, for example for the first term, as follows(
Y 5(24H)
)
A′B′C′D′
1
2
(δB′BδC′C − δB′CδC′B) δD′D
(
Y 5 †(24H)
)
ABCD
. (D.10)
In this expression, the indices A and A′ are to be contracted with those of 5¯M and
5¯∗M , and the factors (1/2)(δB′BδC′C − δB′CδC′B) and δD′D come, respectively, from
the propagators of the fields 10M and 5¯H exchanged in the loop. For vanishing
NROs, it is Y 5(24H )ABCD = Y
5δABδCD, and the above product reduces to
2δA′AY
5Y 5 †. (D.11)
The other terms in Eq. (D.9) for δK have the same SU(5) structure.
The form of δK simplifies considerably if we neglect the quantum fluctuation
24′H . In this limit, it is easy to see that the corrections to 5¯M 5¯
∗
M listed above,
indeed, decompose in the corrections to the terms DcDc ∗ and L∗L. We show this
explicitly for the first term of Eq. (D.9).
When the dynamical part of the field 24H is neglected, the coupling Y
5(24H)
reduces to that of Eq. (D.6), and the SU(5) indices ABCD are now carried by the
generators T 24:(√
2T 245¯M
)n
AB
(√
2T 245¯H
)m
CD
=
(√
2T 245¯M
)n
AA
(√
2T 245¯H
)m
DD
δAB δCD. (D.12)
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By plugging this expression in Eq. (D.10), we obtain
k∑
n′+m′=0
k∑
n+m=0
C
(5)
n′,m′C
(5) †
n,m
(〈2424H 〉
Mcut
)n′+m′(〈2424H 〉
Mcut
)n+m
1
2
∑
D
(δA′AδDD − δA′DδAD)
×
(√
2T 245¯M
)n′
A′A′
(√
2T 245¯H
)m′
DD
(√
2T 245¯M
)n
AA
(√
2T 245¯H
)m
DD
. (D.13)
We focus on the first Kronecker δ in parenthesis. The second one, due to the antisym-
metry of field 10M , taken with its minus sign, gives the same result of the first and
cancels the factor 1/2 in front of the parenthesis. The original SU(5) indices appear-
ing in Eq. (D.10) are now fixed as follows: A′ = B′ = B = A and C ′ = D′ = D = C.
The index A, equal to A′, fixes the component of the external fields 5¯M and 5¯
∗
M and,
therefore, whether the Ka¨hler potential correction in Eq. (D.10) is a correction to the
term DcDc ∗ or L∗L. Similarly, the value of the summed index D fixes the compo-
nent of the field 5¯H running in the loop. This is a component of H
C
D for D ⊃ {1, 2, 3}
and a component of Hd for D ⊃ {4, 5}. The fact that the indices B and C are fixed
indicates that the component of the field 10M in the other propagator of the loop is
also automatically fixed by the symmetry. That is, the following choice for A and
D: A ⊃ {4, 5} and D ⊃ {4, 5}, but with A 6= D, fixes the external fields to be L∗
and L and the fields exchanged in the loop Hd and E
c. By choosing D in the set
{1, 2, 3}, the fields exchanged in the loop are HCD and Q. Thus, for each of these
choices, the external fields 5¯M and 5¯
∗
M decompose in their SM components, and the
previous product becomes
k∑
n′+m′=0
k∑
n+m=0
C
(5)
n′,m′ C
(5) †
n,m
(〈2424H 〉
Mcut
)n′+m′(〈2424H 〉
Mcut
)n+m∑
i
(
I5¯M
)n′
i
(
I5¯H
)m′
i
(
I5¯M
)n
i
(
I5¯H
)m
i
,
(D.14)
with the sum over D now replaced by the sum over i =D,E,DU,LQ. Thus, in the
limit in which the dynamical part of the field 24H is neglected, the right-hand side
of Eq. (D.9) decomposes into corrections to the term DcDc ∗ and L∗L. Those to the
term DcDc ∗, in particular, are
δK ⊃ −tDc
∑
i
c∗(Dc,i)
[
Y 5i (24H )Y
5 †
i (24H ) + Y˜
5
i (X, 24H )Y
5 †
i (24H)
+Y 5i (24H)Y˜
5 †
i (X, 24H) + Y˜
5
i (X, 24H)Y˜
5 †
i (X, 24H)
]
Dc ∗, (D.15)
with the group factors c∗(Dc,i) and c(L,i), in general, different for distinct indices i.
Their sum over i, however, reproduces the coefficient 4 in Eq. (D.9),
∑
i c
∗
(Dc,i) =∑
i c(L,i) = 4.
After the above discussion, it is easy to see that the one-loop diagrams expressed
in terms of effective coupling correctly sum up all the one-loop diagrams expressed in
terms of the original couplings, as schematically illustrated in Fig. 4. In this figure,
the four upper diagrams correspond, in order, to the four terms in Eq. (D.9).
The part of the corrections in which 24′H is neglected can be reabsorbed by field
redefinitions, as the chiral field 24H is replaced by its VEVs (numbers) and an SU(5)
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Fig. 4. One-loop diagrams contributing corrections to the Ka¨hler potential and to effective vertices:
the black circle denotes the effective coupling as shown in the lower part of the figure. Here, the
single and double lines ending in the symbol ⊗ indicates the VEV of 24H and X, respectively.
generator. This is not true for the contributions to these corrections in which a chiral
field 24H and an antichiral one acquire the auxiliary VEV. These terms will end up
contributing to the effective soft masses squared, as usual. This procedure, repeated
for all fields, defines all anomalous dimensions in terms of the effective couplings.
Thus, suppressing SU(5) indices, we can express γ 5¯M as
γ 5¯M =
1
2
{[
gauge contr
]
+ 4Y 5 ∗Y 5T + · · ·
}
+ ζγ5¯M
, (D.16)
where in the dots are included the contributions from all other effective Yukawa cou-
plings, whereas all remaining quantities are collected in ζγ5¯M
. Note that, in the limit
of vanishing NROs, the product of effective couplings in this anomalous dimension
reduces to the expression in Eq. (D.11) and we recover the numerical coefficient in
the anomalous dimension γ5¯M of Eq. (E
.63). The corresponding quantity γ˜ 5¯M is
γ˜ 5¯M =
{
−[gaugino contr]+ 4Y 5 ∗A5T + · · ·}+ ζ˜γ5¯M , (D.17)
with ζ˜γ5¯M
playing the same role that ζγ5¯M
has for γ 5¯M . Note that it is truly the com-
plete effective couplingA5 that appears here, to which both Y 5(24H) and Y˜
5
(X, 24H )
contribute. The minus sign in front of the [gaugino contr.] is just a symbolic reminder
of the fact that this term has an opposite sign to the term [gauge contr.] in the def-
inition of γ 5¯M .
We recall that the contributions expressed in terms of effective couplings in γ 5¯M
and γ˜ 5¯M are just numbers (with generators) and do not consist of any dynamical
field. This is not true for the quantities ζγ5¯M
and ζ˜γ5¯M
, which collect all the contri-
butions that cannot be expressed in terms of effective couplings, in particular, those
discussed in §10.1. As already mentioned there, these quantities do break the picture
of effective couplings. They are not, in general, subleading with respect to the other
terms in γ 5¯M and γ˜ 5¯M , but they give rise to subleading contributions to sFVs. Thus,
we neglect them in the following discussion.
Field redefinitions through the just defined anomalous dimension, such as 5¯M →
exp [(γ 5¯M+γ˜ 5¯M θ
2) t] 5¯M , and similar ones for all the other fields, allow us to recover
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the minimality of the Ka¨hler potential, up to soft masses squared (and the contri-
butions collected in ζγ5¯M
and ζ˜γ5¯M
), by shifting the couplings in the superpotential.
It is then very easy to express the one-loop leading logarithm modifications of the
original couplings in the superpotential, such as C5n,m, in terms of these anomalous
dimensions. To simplify further our notation, we absorb also the group theoretical
factors into the original superpotential coefficients:
Y 5ABCD =
k∑
n=0
(
C5n
)
ABCD
(〈BH〉
Mcut
)n
. (D.18)
Similarly, A5FX and A
5
F24 now have the simplified expressions
(
A5FX
)
ABCD
=
k∑
n=0
(
C˜5n
)
ABCD
(〈BH〉
Mcut
)n
,
(
A5F24
)
ABCD
=
k∑
n=0
nf24
(
C5n
)
ABCD
(〈BH〉
Mcut
)n
. (D.19)
By keeping into account the evolution of the VEVs of the field 24H , it is easy to
obtain the RGEs for the effective Yukawa and trilinear couplings:
˙(Y 5∣∣
n
)
=
{
γT5¯M Y
5
∣∣
n
+ Y 5
∣∣
n
γ10M + γ 5¯HY
5
∣∣
n
}
,
˙(A5∣∣
n
)
=
{
γT5¯MA
5
∣∣
n
+A5
∣∣
n
γ10M + γ 5¯HA
5
∣∣
n
}
+
{
γ˜T5¯MY
5
∣∣
n
+ Y 5
∣∣
n
γ˜10M + γ˜ 5¯HY
5
∣∣
n
}
, (D.20)
where we have suppressed the SU(5) indices for simplicity. The one-loop evolution
equation for the coefficients C5n and C˜
5
n needed to derive them are discussed in detail
in §10.2. The evolution equation for (A5FX)|n and that for (A5F24)|n are formally like
the equation for A5|n, except for one spurious term. This is nγ˜24H in the RGE for
(A5FX)|n, and −nγ˜24H in that for (A5F24)|n. Thus, the role played by A5F24 is very
important for the correct evolution of A5
∣∣
n
. The RGEs for the effective couplings
Y 5 and A5 are obtained from Y 5|n and A5|n with a summation over n.
Having proven already how the products of the SU(5)-symmetric effective cou-
plings introduced in this section correctly decompose into products of the decom-
posed effective couplings of §3, we can split the obtained RGEs for SU(5) multiplets
into RGEs for their SM components. For example, the RGEs for the four effective
couplings Y 5i are then
Y˙
5
D = γ
T
Dc Y
5
D + Y
5
DγQ + γHdY
5
D,
Y˙
5
E = γ
T
L Y
5
E + Y
5
EγEc + γHdY
5
E ,
Y˙
5
DU = γ
T
Dc Y
5
DU + Y
5
DUγUc + γHC
D
Y 5DU ,
Y˙
5
LQ = γ
T
L Y
5
LQ + Y
5
LQγQ + γHC
D
Y 5LQ, (D.21)
MSSU(5) Models with NROs 83
where the decompositions γ5¯M → {γDc ,γL}, γ10M → {γUc ,γQ,γEc}, and γ5¯H →
{γHC
D
,γHd} are also made. Among the decomposed anomalous dimensions, γL and
γDc , taken here as examples, are given by
γL = −2
(
12
5
g25
)
1+ Y 5 ∗E Y
5T
E + 3Y
5 ∗
LQY
5 T
LQ + Y
I †
NY
I
N ,
γDc= −2
(
12
5
g25
)
1+ 2Y 5 ∗D Y
5T
D + 2Y
5 ∗
DUY
5T
DU + Y
I †
NDY
I
ND, (D.22)
and we refer the reader to Appendix E.4 for the remaining ones.
Similarly, A5D among the four effective trilinear couplings evolves according to
A˙
5
D =
(
γTDcA
5
D +A
5
DγQ + γHdA
5
D
)
+
(
γ˜TDcY
5
D + Y
5
Dγ˜Q + γ˜HdY
5
D
)
, (D.23)
with the quantities γ˜i also decomposed: γ˜ 5¯M → {γ˜Dc , γ˜L}, γ˜ 5¯H → {γ˜HCD , γ˜Hd}, and
γ˜10M → {γ˜Uc , γ˜Q, γ˜Ec}.
The RGEs listed above are those of a renormalizable model in which only the
gauge interactions respect the SU(5) symmetry, whereas all the other couplings break
it at O(s).
It is simple to prove that also the effective soft masses squared obey RGEs
analogous to those for soft masses squared in this broken MSSU(5) model. A key
role in this proof is played again by the fact that the wave function renormalization
of the field 24H is cancelled by the evolution of the 24H VEVs. In particular, the
RGE for m˜25¯M is now replaced by those for m˜
2
L and m˜
2
Dc :
˙˜m
2
L = −8
(
12
5
g25M
2
G
)
1+ F(Y 5 ∗E , m˜2L, m˜2Ec , m˜2Hd ,A5 ∗E )
+ 3F(Y 5 ∗LQ, m˜2L, m˜2 ∗Q , m˜2HC
D
,A5 ∗LQ)
+ F(Y I †N , m˜2L, m˜2Nc , m˜2Hu ,AI †N ),
˙˜m
2
Dc = −8
(
12
5
g25M
2
G
)
1+ 2F(Y 5D, m˜2Dc , m˜2Q, m˜2Hd ,A5D)
+ 2F(Y 5DU , m˜2Dc , m˜2 ∗Uc , m˜2HC
D
,A5DU )
+ F(Y ITND, m˜2Dc , m˜2 ∗Nc , m˜2HC
U
,AI TND), (D.24)
where m˜2
5¯H
and m˜25H were also replaced by m˜
2
HC
D
, m˜2Hd and m˜
2
HC
U
, m˜2Hu , respectively,
and m˜210M by m˜
2
Uc , m˜
2
Q, and m˜
2
Ec .
A complete list of all other RGEs for effective couplings and explicit definitions
of the various γi and γ˜i can be found in Appendix E.4.
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Appendix E
MSSU(5) and nrMSSU(5) Models with Seesaw: RGEs
We collect in this appendix the one-loop RGEs for the MSSU(5) models and for
the nrMSSU(5) models with seesaw sectors, for different values of the scale Q from
Mweak to Mcut. We refer the reader to Refs. 63)–68) for the ingredients useful to
derive them. The number of RGEs to be listed is very large. Thus, we omit some
of these equations, giving algorithms to obtain them from other equations, which
we list, or from beta function coefficients and/or anomalous dimensions.65), 69) We
illustrate in the following how to obtain the omitted RGEs.
• Gauge and gaugino RGEs:
It is well known that for a collection of gauge groups Gi with gauge couplings gi,
and beta function coefficients bi, the gauge couplings and the gaugino masses
Mi satisfy the evolution equations:
g˙i = bi g
3
i ,
M˙i = 2bi g
2
iMi. (E.1)
Thus, we omit these RGEs, giving only the beta function coefficient for each
specific gauge group.
• Trilinear soft parameters:
We omit also the RGEs for all couplings of trilinear soft terms since they can
be obtained from those of the corresponding Yukawa couplings as follows. We
assume here a Yukawa interaction SYxTV , where S and T are two generic fields
with flavour, V a flavourless one, i.e., a Higgs field. Given the RGE for Yx,
Y˙x = γ
T
S Yx + YxγT + γV Yx, (E.2)
with γS , γT , and γV the anomalous dimensions of the fields S, T , V , respectively,
the RGE for the corresponding Ax in the soft term S˜AxT˜ V is
A˙x =
(
γTSAx +AxγT + γVAx
)
+
(
γ˜TS Yx + Yxγ˜T + γ˜V Yx
)
. (E.3)
The quantities γ˜S , γ˜T , and γ˜V can be built from the corresponding anomalous
dimensions γS , γT , and γV with the replacements:
g2i → −2g2iMi, Y †x Yx → 2Y †xAx, Y ∗x Y Tx → 2Y ∗xATx . (E.4)
In short,
A˙x = Y˙x|Yx→Ax + Y˙x|γj→γ˜j . (j = S, T, V ) (E.5)
• Bilinear soft parameters:
A similar algorithm can be used to obtain the RGE of the coupling B of a
bilinear soft term S˜BT˜ from that of the coupling M of the corresponding su-
perpotential term SMT :
M˙ = γTSM +MγT . (E.6)
The two fields S and T are assumed here to have flavour, but they may also be
flavourless. The RGE for B is
B˙ = M˙ |M→B + M˙ |γj→γ˜j . (j = S, T ) (E.7)
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Thus, we omit also all the RGEs of bilinear soft couplings.
• Soft sfermion and Higgs masses:
It is also possible to deduce the RGEs for the soft masses of sfermion and
Higgs fields from the expressions of their anomalous dimensions, by following
the algorithm given hereafter.
The anomalous dimension of any field, say, for example the generic field with
flavour T introduced above, obtains, in general, contributions from gauge in-
teractions as well as Yukawa interactions (in our specific case, SYxTV ):
γT = γG,T + γY,T , (E.8)
with a similar splitting holding also for γS and γV . The two contributions γG,T
and γY,T are
γG,T =
∑
i
ciT g
2
i , γY,T = c
x
TY
†
x Yx, (E.9)
where ciT and c
x
T are group theoretical factors. For the fields S and V , the
Yukawa-coupling-induced γY,S and γY,V are
γY,S = c
x
SY
∗
x Y
T
x , γY,V = c
x
V TrY
†
x Yx = c
x
V TrY
∗
x Y
T
x . (E.10)
The RGE for the soft mass of the field T , m˜2T , as well as those for m˜
2
S and m˜
2
V ,
can also be split in two parts:
˙˜m
2
T =M
2
G,T +M
2
Y,T . (E.11)
Note that m˜2T and m˜
2
S are hermitian matrices, whereas m˜
2
V , like all soft masses
of Higgs fields, is a real number.
The terms M2G,T , M
2
G,S , and M
2
G,V , are obtained from γG,T , γG,S, and γG,V ,
respectively, with the replacements:
g2i → 4g2iM2i . (E.12)
The gaugino masses are assumed here to be real; otherwise, the correct replace-
ments would be 4g2i |Mi|2 .
As for the terms M2Y,T , M
2
Y,S , and M
2
Y,V , we start assuming that the soft mass
terms for the fields T , S and V are of types
T˜ ∗m˜2T T˜ , S˜
∗m˜2SS˜, V˜
∗m˜2V V˜ . (E.13)
Then, M2Y,T , M
2
Y,S, and M
2
Y,V are obtained from γY,T , γY,S , and γY,V , respec-
tively, as follows. For the two fields with flavour, T and S, we have
γY,T = c
x
T Y
†
xYx → cxT F(Y †x , m˜2T , m˜2 ∗S , m˜2V , A†x) =M2Y,T ,
γY,S = c
x
S Y
∗
x Y
T
x → cxS F(Y ∗x , m˜2S , m˜2 ∗T , m˜2V , A∗x) =M2Y,S, (E.14)
with the function F defined as
F(Y †h , m˜2j , m˜2 ∗k , m˜2l , A†h) = Y †hYhm˜2j + m˜2jY †hYh
+2
(
Y †h m˜
2 ∗
k Yh +m˜
2
l Y
†
hYh +A
†
hAh
)
, (E.15)
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where Yh is any of the Yukawa couplings in the superpotential, m˜
2
j is the mass
squared for which the RGE in question is derived, m˜2k and m˜
2
l are the masses
squared of the particles exchanged in the loops that induce the RGE, and Ah is
the soft counterpart of Yh. As for the order in which m˜
2
k and m˜
2
l must appear
in F , the following rules apply. For flavour-dependent interactions, and if m˜2j
is the mass squared of a field with flavour, as in this case, then, in the second
position, there must be the conjugate of the mass squared of the other field
with flavour, in the third, that of the Higgs field. Moreover, it goes without
saying that, here and in the following, when the Yukawa coupling on which F
depends is Y ∗h , Y
T
h , or Yh, instead of Y
†
h , the sequences Y
†
h · · ·Yh in the terms
on the right-hand side of Eq. (E.15) must be replaced by Y ∗h · · ·Y Th , Y Th · · ·Y ∗h ,
and Yh · · ·Y †h , respectively.
For the flavourless field V , both the anomalous dimension and the soft mass
are real numbers, and the replacement of
γY,V = c
x
V TrY
†
xYx = c
x
V TrY
∗
x Y
T
x = c
x
V TrY
T
x Y
∗
x = c
x
V TrYxY
†
x , (E.16)
is any of the following terms:
cxV TrF(Y †x , m˜2V , m˜2 ∗S , m˜2T , A†x) = cxV TrF(Y ∗x , m˜2V , m˜2 ∗T , m˜2S , A∗x)
= cxV TrF(Y Tx , m˜2V , m˜2S , m˜2 ∗T , ATx )
= cxV TrF(Yx, m˜2V , m˜2T , m˜2 ∗S , Ax)
=M2Y,V . (E.17)
In this case, the order in which the other two masses m˜2T and m˜
2
S appear in the
function F , in particular, whether it is the second or the third mass the one
chosen to be conjugated is not important, provided the Yukawa coupling and
the corresponding trilinear coupling are modified according to Eq. (E.17). This
is because of the presence of a trace in front of F .
Note that if the Yukawa interaction is among flavourless fields, Yh is simply a
number, the three masses in F are real numbers, and the order in which these
three masses appear is totally irrelevant.
It is possible that the soft mass for the field T is of type T˜ m˜2T T˜
∗, whereas those
for S and V are as before:
T˜ m˜2T T˜
∗, S˜∗m˜2SS˜, V˜
∗m˜2V V˜ . (E.18)
Since m˜2T is Hermitian, it is T˜ m˜
2
T T˜
∗ = T˜ ∗m˜2 ∗T T˜ . Thus, the RGEs for m˜
2
S and
m˜2V are as those described before, with the replacement m˜
2
T ↔ m˜2 ∗T inM2Y,S and
M2Y,V . In the case of the RGE of m˜
2
T itself, the same replacement m˜
2
T ↔ m˜2 ∗T
has to be made. In addition an overall conjugation of M2Y,T is also needed. In
other words, the replacement of γY,V in Eq. (E.16) is any of the following terms:
cxV TrF(Y †x , m˜2V , m˜2 ∗S , m˜2 ∗T , A†x) = cxV TrF(Y ∗x , m˜2V , m˜2T , m˜2S , A∗x)
= cxV TrF(Y Tx , m˜2V , m˜2S , m˜2T , ATx )
= cxV TrF(Yx, m˜2V , m˜2 ∗T , m˜2 ∗S , Ax)
=M2Y,V , (E.19)
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whereas the replacements of the terms γY,T and γY,S are
γY,T = c
x
T Y
†
x Yx → cxT F(Y Tx , m˜2T , m˜2S , m˜2V , ATx ) =M2Y,T ,
γY,S = c
x
S Y
∗
x Y
T
x → cxS F(Y ∗x , m˜2S , m˜2T , m˜2V , A∗x) =M2Y,S. (E.20)
In summary, a Yukawa coupling Y (and the corresponding coupling A) can
appear in the function F as Y , Y ∗, Y †, Y T . The fact that the mass of a field
with flavour has a conjugate or not in F depends on the type of interaction of
this field, i.e., in which way it contributes to its anomalous dimension, and on
the type of soft term this field has.
We illustrate the above sets of rules with two examples. We start with the
SU(2) doublet Q of the MSSM, which has an anomalous dimension:
γQ = −2
(
4
3
g23 +
3
4
g22 +
1
60
g21
)
1+ Y
†
UYU + Y
†
DYD, (E
.21)
where g1, g2, and g3 are the three MSSM gauge couplings. The RGE for m˜
2
Q is
˙˜m
2
Q =M
2
G,Q+F(Y †U , m˜2Q, m˜2Uc , m˜2Hu , A†U )+F(Y †D, m˜2Q, m˜2Dc , m˜2Hd , A
†
D), (E
.22)
where M2G,Q is given by
M2G,Q = −8
(
4
3
g23M
2
3 +
3
4
g22M
2
2 +
1
60
g21M
2
1
)
1. (E.23)
In the argument of the two functions F , m˜2Uc and m˜2Dc are not conjugated
because we have defined the soft mass terms of the SU(2) singlets U c, Dc, and
Ec as
U˜ cm˜2UcU˜
c ∗, D˜cm˜2DcD˜
c ∗, E˜cm˜2EcE˜
c ∗, (E.24)
i.e., differently from those for the doublets, Q and L, which are
Q˜∗m˜2QQ˜, L˜
∗m˜2LL˜. (E.25)
With this definition, the mass parameters entering in the 6 × 6 sfermion mass
matrices, conventionally written in the basis of the superpartners of left-handed
fermions (u˜L = U˜ , d˜L = D˜, e˜L = E˜) and right-handed fermions (u˜R = U˜
c,
d˜R = D˜
c, e˜R = E˜
c), are m˜2Q and m˜
2
Uc for up squarks, m˜
2
Q and m˜
2
Dc for down
squarks, and m˜2L and m˜
2
Ec for sleptons. In contrast, the choices
˜¯5Mm˜25M ˜¯5∗M ,
N˜ cm˜2NcN˜
c
∗
and 2˜4Mm˜
2
24M
2˜4
∗
M made in the soft SUSY-breaking potentials for
the MSSU(5) model with a seesaw of types I and III are purely conventional
and motivated mainly by aesthetic reasons. That is, with the above choice for
m˜25M , the field D
c has the same type of soft mass before and after the breaking
of SU(5).
The second example we give here is that of an SU(2) singlet of the MSSM, U c,
with an anomalous dimension:
γUc = −2
(
4
3
g23 +
4
15
g21
)
1+ 2Y ∗UY
T
U . (E.26)
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The corresponding RGE for m˜2Uc , defined in Eq. (E
.24), is given by
˙˜m
2
Uc =M
2
G,Uc + 2F(YU , m˜2Uc , m˜2Q, m˜2Hu , AU ), (E.27)
with an obvious definition of M2G,Uc.
The algorithm presented here is sufficient to deduce the RGEs for the soft
masses of all scalar fields from the expression of their anomalous dimensions.
As in the case of the bilinear and trilinear soft parameters, these RGEs could
also be omitted. Nevertheless, since this algorithm is a little involved, we list
them as in Eq. (E.22) or Eq. (E.27), with a further abbreviation of our notation,
which consists in writing F(Y †h , m˜2j , m˜2k, m˜2l , A†h) as F(Y †
h
,j˜,k˜,l˜,A†
h
)
.
E.1. Q < Mssw
When Q < Mssw, the typical scale of the heavy fields realizing the seesaw mech-
anism, the superpotential is that of the MSSM plus an additional dimension-five
operator obtained after integrating out the heavy fields needed to implement the
seesaw of types I, II, or III:
WMSSM,ν = WMSSM +Wν , (E.28)
with
WMSSM = U cYUQHu −DcYDQHd − EcYELHd + µHuHd, (E.29)
andWν given in Eq. (2.39). The RGEs for the superpotential parameters are known,
but we report them for completeness.
• Beta function coefficients: bi =
{
33
5
, 1,−3
}
.
• Yukawa couplings:
Y˙U= γ
T
UcYU + YUγQ + γHuYU ,
Y˙D= γ
T
DcYD + YDγQ + γHdYD,
Y˙E= γ
T
EcYE + YEγL + γHdYE, (E.30)
where the anomalous dimension matrices γQ, γUc , etc. are
γQ = −2
(
4
3
g23 +
3
4
g22 +
1
60
g21
)
1+ Y
†
UYU + Y
†
DYD,
γUc= −2
(
4
3
g23 +
4
15
g21
)
1+ 2Y ∗UY
T
U ,
γDc= −2
(
4
3
g23 +
1
15
g21
)
1+ 2Y ∗DY
T
D ,
γL = −2
(
3
4
g22 +
3
20
g21
)
1+ Y
†
EYE ,
γEc= −2
(
3
5
g21
)
1+ 2Y ∗EY
T
E ,
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γHu= −2
(
3
4
g22 +
3
20
g21
)
+Tr
(
3Y †UYU
)
,
γHd= −2
(
3
4
g22 +
3
20
g21
)
+Tr
(
3Y †DYD + Y
†
EYE
)
. (E.31)
• Superpotential dimensionful parameters:
µ˙= (γHu + γHd)µ,
κ˙= γTLκ+ κγL + 2γHuκ. (E.32)
The SUSY-breaking terms completing the description of this model are collected in
V˜ MSSM,ν = V˜ MSSM + V˜ν , (E.33)
where V˜ MSSM is the usual
V˜ MSSM =
{
U˜ cAU Q˜Hu − D˜cAD Q˜Hd − E˜cAE L˜Hd +BHuHd + H.c.
}
+Q˜∗ m˜2Q Q˜+ U˜
c m˜2Uc U˜
c ∗ + D˜c m˜2Dc D˜
c ∗
+L˜∗ m˜2L L˜+ E˜
c m˜2Ec E˜
c ∗
+m˜2Hu H˜
∗
uH˜u + m˜
2
Hd
H˜∗dH˜d
+
1
2
(
M3 g˜g˜ +M2 W˜W˜ +M1 B˜B˜
)
, (E.34)
and V˜ν is the nonrenormalizable lepton-number-violating operator (∆L = 2)
V˜ν = −1
2
L˜Huκ˜L˜Hu. (E.35)
The symmetric matrix κ˜ has elements of O(m˜/Mssw), where m˜ is a typical soft
SUSY-breaking mass. We list in the following the RGEs for the parameters in this
potential, except for those for the bi- and trilinear scalar terms, which are easily
obtained using the algorithm mentioned above. We omit that for the dimensionless
parameter κ˜, which gives rise to a very suppressed bilinear term for the neutral
component of L˜.
• Soft sfermion masses:
˙˜m
2
Q =M
2
G,Q + F(Y †
U
,Q˜,U˜c,Hu,A
†
U
)
+ F
(Y †
D
,Q˜,D˜c,Hd,A
†
D
)
,
˙˜m
2
Uc=M
2
G,Uc + 2F(YU ,U˜c,Q˜,Hu,AU ),
˙˜m
2
Dc=M
2
G,Dc + 2F(YD ,D˜c,Q˜,Hd,AD),
˙˜m
2
L =M
2
G,L + F(Y †
E
,L˜,E˜c,Hd,A
†
E
)
,
˙˜m
2
Ec=M
2
G,Ec + 2F(YE ,E˜c,L˜,Hd,AE). (E.36)
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• Soft Higgs masses:
˙˜m
2
Hd
=M2G,Hd + 3TrF(Y †
D
,Hd,D˜c,Q˜,A
†
D
)
+ TrF
(Y †
E
,Hd,E˜c,L˜,A
†
E
)
,
˙˜m
2
Hu=M
2
G,Hu + 3TrF(Y †
U
,Hu,U˜c,Q˜,A
†
U
)
. (E.37)
E.2. Mssw < Q < MGUT
We distinguish the three cases in which the dimension-five operator in Eq. (E.28)
is induced by heavy right-handed neutrino singlets, N c, or by Higgs fields in the
15 and 1¯5 representations of SU(5), 15H and 1¯5H , or by three matter fields in the
adjoint representation of SU(5), 24M . Those presented here are not the most minimal
implementations of the three types of seesaw mechanism, which, strictly speaking,
require only two SU(2) triplet Higgs fields T and T¯ for the seesaw of type II and
three SU(2) fermion tripletsWM for the type III, if no embedding in SU(5) is needed.
(See §2, where the relevant seesaw superpotentials are denoted by W ′sssw i, with i =I,
II, III to differentiate them from those presented here.) Here, we introduce all fields
in the 15H , 1¯5H and in the 24M representation of SU(5) to which T , T¯ and WM
belong, respectively, and we denote the corresponding seesaw superpotentials by
Wsssw i (i =I, II, III). Thus, the complete superpotentials in the three cases are
WMSSM,i =WMSSM +Wssw i, (i = I, II, III) (E.38)
with WMSSM given in Eq. (E.29) and Wssw i (i = I, II, III) to be specified in the
following. Similarly, the soft SUSY-breaking part of the scalar potential is, in the
three cases,
V˜ MSSM,i = V˜ MSSM + V˜ssw i, (i = I, II, III) (E.39)
with V˜ MSSM given in Eq. (E.34), and V˜ssw i also to be specified.
E.2.1. MSSM, I
The RGEs for this model have been widely studied in this context after Ref. 18)
appeared (see for example Ref. 19)). Nevertheless, we list them here for completeness.
The model is described using the superpotential WMSSM,I with
Wssw I = N
cY INLHu +
1
2
N cMNN
c. (E.40)
The RGEs for the superpotential parameters are as follows.
• Beta function coefficients: bIi =
{
33
5
, 1,−3
}
.
• Yukawa couplings: To those in Eq. (E.30), the following RGE
Y˙ IN = γ
T
NcY
I
N + Y
I
NγL + γHuY
I
N , (E.41)
must be added. Note, however, that γHu and γL are now modified by the pres-
ence of the operator N cY INLHu. Therefore, the following anomalous dimensions
γL = −2
(
3
4
g22 +
3
20
g21
)
1+ Y
†
EYE + Y
I †
N Y
I
N ,
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γHu= −2
(
3
4
g22 +
3
20
g21
)
+Tr
(
3Y †UYU + Y
I †
N Y
I
N
)
,
γNc= 2Y
I ∗
N Y
IT
N , (E.42)
must be specified, whereas γQ, γUc , γDc , γEc, γHd remain as in Eq. (E.31).
• Superpotential dimensionful parameters:
M˙N = γ
T
NcMN +MNγNc . (E.43)
The RGE for µ is as in Eq. (E.32), with γHu given in Eq. (E.42).
The soft SUSY-breaking part of the scalar potential, V˜ssw I, is given by
V˜ssw I =
{
N˜ cAIN L˜Hu +
1
2
N˜ cBN N˜
c + H.c.
}
+ N˜ c m˜2N N˜
c ∗, (E.44)
and the parameters in V˜ MSSM,I obey the following RGEs.
• Soft sfermion masses: Of the RGEs in Eq. (E.36), only that for m˜2L gets modi-
fied by the presence of the operator N cY INLHu, whereas the RGE for the soft
contribution to the mass of N˜ c needs to be added:
˙˜m
2
L =M
2
G,L + F(Y †
E
,L˜,E˜c,Hd,A
†
E
)
+ F
(Y I †
N
,L˜,N˜c,Hu,A
I †
N
)
,
˙˜m
2
Nc= 2F(Y I
N
,N˜c,L˜,Hu,AIN )
. (E.45)
• Soft Higgs masses:
˙˜m
2
Hu = M
2
G,Hu + 3TrF(Y †
U
,Hu,U˜c,Q˜,A
†
U
)
+ TrF
(Y I †
N
,Hu,N˜c,L˜,A
I †
N
)
. (E.46)
The RGE for m˜2Hd is as in Eq. (E
.37).
E.2.2. MSSM, II
The RGEs for this model can also be found in Ref. 23). Some of our equations,
however, differ from those reported there. We give a list of these equations at the
end of this section. The part of the superpotential needed to specify this model at
these energies is
Wssw II =
1√
2
LY IIN TL−DcYQ15LQ15 +
1√
2
DcYSSD
c
+
1√
2
λT¯HuT¯Hu +
1√
2
λTHdTHd
+MTT T¯ +MQ15Q15Q¯15 +MSSS¯, (E.47)
where Y IIN and YS are symmetric matrices, λT¯ and λT , and MT , MQ, and MS are
complex numbers. The RGEs for the superpotential parameters are as follows.
• Beta function coefficients: bIIi =
{
68
5
, 8, 4
}
.
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• Yukawa couplings: The RGEs for YU , YD, and YE are as in Eq. (E.30). Those
for Y IIN , YS, and YQ15 , and the flavour-independent couplings λT¯ and λT are
Y˙ IIN = γ
T
LY
II
N + Y
II
N γL + γTY
II
N ,
Y˙Q15= γ
T
DcYQ15 + YQ15γL + γQ15YQ15 ,
Y˙S = γ
T
DcYS + YSγDc + γSYS ,
λ˙T¯ = (2γHu + γT¯ )λT¯ ,
λ˙T = (2γHd + γT )λT . (E
.48)
For the anomalous dimensions γQ, γUc , γEc , see Eq. (E.31); the others are
γDc = −2
(
4
3
g23 +
1
15
g21
)
1+ 2Y ∗DY
T
D + 2Y
∗
Q15Y
T
Q15 + 4Y
∗
S Y
T
S ,
γL = −2
(
3
4
g22 +
3
20
g21
)
1+ Y
†
EYE + 3Y
†
Q15
YQ15 + 3Y
II †
N Y
II
N ,
γHu= −2
(
3
4
g22 +
3
20
g21
)
+Tr
(
3Y †UYU
)
+ 3|λT¯ |2,
γHd = −2
(
3
4
g22 +
3
20
g21
)
+Tr
(
3Y †DYD + Y
†
EYE
)
+ 3|λT |2,
γQ15= −2
(
4
3
g23 +
3
4
g22 +
1
60
g21
)
+Tr
(
Y †Q15YQ15
)
,
γQ¯15= −2
(
4
3
g23 +
3
4
g22 +
1
60
g21
)
,
γT = −2
(
2g22 +
3
5
g21
)
+Tr
(
Y II †N Y
II
N
)
+ |λT |2,
γT¯ = −2
(
2g22 +
3
5
g21
)
+ |λT¯ |2,
γS = −2
(
10
3
g23 +
4
15
g21
)
+Tr
(
Y †SYS
)
,
γS¯ = −2
(
10
3
g23 +
4
15
g21
)
. (E.49)
• Superpotential dimensionful parameters:
M˙T = (γT + γT¯ )MT ,
M˙Q15=
(
γQ15 + γQ¯15
)
MQ15 ,
M˙S = (γS + γS¯)MS . (E.50)
The RGE for µ is as in Eq. (E.32).
The part of the scalar potential specific to this model, V˜ssw II, to be specified in
addition to V˜ MSSM is
V˜ssw II=
{ 1√
2
L˜AIIN T L˜− D˜cAQ15 L˜Q15 +
1√
2
D˜cAS SD˜
c
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+
1√
2
AλT¯HuT¯Hu +
1√
2
AλTHdTHd
+BT T T¯ +BQ15 Q15Q¯15 +BS SS¯ +H.c.
}
+m˜2Q15 Q
∗
15Q15 + m˜
2
Q¯15
Q¯∗15Q¯15 + m˜
2
S S
∗S + m˜2S¯ S¯
∗S¯
+m˜2T T
∗T + m˜2T¯ T¯
∗T¯ . (E.51)
Here, AIIN and AS are symmetric matrices, AλT¯ , AλT , and BT , BQ15 , BS are complex
numbers. The parameters in V˜ MSSM,II satisfy the following RGEs.
• Soft sfermion masses:
˙˜m
2
Dc=M
2
G,Dc + 2F(YD ,D˜c,Q˜,Hd,AD) + 2F(YQ15 ,D˜c,L˜,Q15,AQ15 )
+4F
(YS ,D˜c,D˜c ∗,S,AS)
,
˙˜m
2
L =M
2
G,L + F(Y †
E
,L˜,E˜c,Hd,A
†
E
)
+ 3F
(Y †
Q15
,L˜,D˜c,Q15,A
†
Q15
)
+3F
(Y II †
N
,L˜,L˜∗,T,AII †
N
)
. (E.52)
The RGEs for m˜2Q, m˜
2
Uc , m˜
2
Ec are as in Eq. (E
.36).
• Soft Higgs masses:
˙˜m
2
Hd
=M2G,Hd + 3TrF(Y †
D
,Hd,D˜c,Q˜,A
†
D
)
+TrF
(Y †
E
,Hd,E˜c,L˜,A
†
E
)
+3F(λT ,Hd,Hd,T,AλT ),
˙˜m
2
Hu=M
2
G,Hu + 3TrF(Y †
U
,Hu,U˜c,Q˜,A
†
U
)
+ 3F(λT¯ ,Hu,Hu,T¯ ,AλT¯ ),
˙˜m
2
Q15=M
2
G,Q15 +TrF(Y †
Q15
,Q15,D˜c,L˜,A
†
Q15
)
,
˙˜m
2
Q¯15=M
2
G,Q¯15
,
˙˜m
2
T =M
2
G,T +TrF(Y II †
N
,T,L˜∗,L˜,AII †
N
)
+ F(λT ,T,Hd,Hd,AλT ),
˙˜m
2
T¯ =M
2
G,T¯ + F(λT¯ ,T¯ ,Hu,Hu,AλT¯ ),
˙˜m
2
S =M
2
G,S +TrF(YS ,S,D˜c∗,D˜c,AS),
˙˜m
2
S¯ =M
2
G,S¯ . (E
.53)
Note that in the contributions originated by flavour-independent operators, the
order in which the three masses squared appear in the function F is irrele-
vant. Both terms F(λT ,Hd,Hd,T,AλT ) and F(λT ,T,Hd,Hd,AλT ), indeed, reduce to
2|λT |2
(
2m˜2Hd + m˜
2
T
)
+ 2|AλT |2.
Our RGEs for this model differ from those reported in Ref. 23) for the following
parameters: Y IIN , MT , m˜
2
T , m˜
2
S, m˜
2
Q15
, AIIN , and AQ15 .
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E.2.3. MSSM, III
The superpotential is still that of Eq. (E.38) with i = III and Wssw III is
Wssw III = HuWMY
III
N L−
√
6
5
1
2
HuBMY
III
B L+HuX¯MYX¯MD
c
+
1
2
BMMBMBM +
1
2
GMMGMGM +
1
2
WMMWMWM
+XMMXM X¯M , (E.54)
where MBM , MGM and MWM are symmetric matrices. The RGEs for the superpo-
tential parameters are as follows.
• Beta function coefficients: bIIIi =
{
108
5
, 16, 12
}
.
• Yukawa couplings: YU , YD, and YE have RGEs listed in Eq. (E.30). Those for
Y IIIN , Y
III
B , and YX¯M are
Y˙ IIIN = γ
T
WM
Y IIIN + Y
III
N γL + γHuY
III
N ,
Y˙ IIIB = γ
T
BMY
III
B + Y
III
B γL + γHuY
III
B ,
Y˙X¯M= γ
T
X¯M
YX¯M + YX¯MγDc + γHuYX¯M . (E
.55)
For the anomalous dimensions γQ, γUc , γEc , γHd , see Eq. (E.31). The remaining
ones are
γDc = −2
(
4
3
g23 +
1
15
g21
)
1+ 2Y ∗DY
T
D + 2Y
†
X¯M
YX¯M ,
γL = −2
(
3
4
g22 +
3
20
g21
)
1+ Y
†
EYE +
3
2
Y III †N Y
III
N +
3
10
Y III †B Y
III
B ,
γWM= −2
(
2g22
)
1+ Y III ∗N Y
III T
N ,
γBM=
3
5
Y III ∗B Y
IIIT
B ,
γX¯M= −2
(
4
3
g23 +
3
4
g22 +
5
12
g21
)
1+ Y ∗X¯MY
T
X¯M
,
γXM= −2
(
4
3
g23 +
3
4
g22 +
5
12
g21
)
1,
γGM= −2
(
3g23
)
1,
γHu = −2
(
3
4
g22 +
3
20
g21
)
+Tr
(
3Y †UYU +
3
2
Y III †N Y
III
N
+
3
10
Y III †B Y
III
B + 3Y
†
X¯M
YX¯M
)
. (E.56)
• Superpotential dimensionful parameters:
M˙BM = γ
T
BM
MBM +MBM γBM ,
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M˙GM = γ
T
GM
MGM +MGM γGM ,
M˙WM = γ
T
WMMWM +MWMγWM ,
M˙XM = γ
T
XMMXM +MXMγX¯M . (E
.57)
The term V˜ssw III is
V˜ssw III=
{
HuW˜MA
III
N L˜−
√
6
5
1
2
HuB˜MA
III
B L˜+Hu
˜¯XMAX¯M D˜c
+
1
2
B˜MBBM B˜M +
1
2
G˜MBGM G˜M +
1
2
W˜MBWM W˜M
+X˜MBXM
˜¯XM +H.c.}
+W˜M m˜
2
WM
W˜ ∗M + B˜M m˜
2
BM
B˜∗M + G˜M m˜
2
GM
G˜∗M
+X˜M m˜
2
XM X˜
∗
M +
˜¯XM m˜2X¯M ˜¯X∗M . (E.58)
The RGEs for the parameters in the complete soft scalar potential V˜ MSSM,III are as
follows.
• Soft sfermion masses:
˙˜m
2
Dc =M
2
G,Dc + 2F(YD ,D˜c,Q˜,Hd,AD) + 2F(Y T
X¯M
,D˜c, ˜¯X∗M ,Hu,ATX¯M )
,
˙˜m
2
L =M
2
G,L +F(Y †
E
,L˜,E˜c,Hd,A
†
E
)
+
3
2
F
(Y III †
N
,L˜,W˜M ,Hu,A
III †
N
)
+
3
10
F
(Y III †
B
,L˜,B˜M ,Hu,A
III †
B
)
,
˙˜m
2
WM=M
2
G,WM +F(Y III
N
,W˜M ,L˜,Hu,A
III
N
)
,
˙˜m
2
BM
=
3
5
F
(Y III
B
,B˜M ,L˜,Hu,A
III
B
)
,
˙˜m
2
X¯M=M
2
G,X¯M
+ F
(YX¯M
, ˜¯XM ,D˜c ∗,Hu,AX¯M )
,
˙˜m
2
XM=M
2
G,XM ,
˙˜m
2
GM
=M2G,GM . (E
.59)
For ˙˜m
2
Q,
˙˜m
2
Uc ,
˙˜m
2
Ec , see Eq. (E.36).
• Soft Higgs masses:
˙˜m
2
Hu =M
2
G,Hu + 3TrF(Y †
U
,Hu,U˜c,Q˜,A
†
U
)
+
3
2
TrF
(Y III †
N
,Hu,W˜M ,L˜,A
III †
N
)
+
3
10
TrF
(Y III †
B
,Hu,B˜M ,L˜,A
III †
B
)
+ 3TrF
(Y †
X¯M
,Hu,
˜¯XM ,D˜c∗,A†X¯M )
. (E.60)
The RGE for m˜2Hd is as in Eq. (E
.37).
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E.3. MGUT < Q
We give here the RGEs for the minimal SUSY SU(5) model without NROs,
with the three possible implementations of the seesaw mechanism. The mechanism’s
mediators are schematically denoted as RHNs, 15H, and 24M in three cases. The
superpotentials and the soft SUSY-breaking scalar potentials for the three resulting
models can be decomposed as
WMSSU(5),i =WMSSU(5) +Wi,
V˜ MSSU(5),i = V˜ MSSU(5) + V˜i, (i = RHN, 15H, 24M) (E.61)
where WMSSU(5) and V˜ MSSU(5) are given in §2 (see Eqs. (2.1), (2.2), (2.3), and
Eqs. (2.16), (2.17), respectively), and Wi and V˜i in §2.3 (see Eqs. (2.46) and (2.49)).
E.3.1. MSSU(5), RHN
The RGEs for this model can be found also in Ref. 19). The differences between
our equations and those given in that paper are listed below. We refer the reader to
§2 and §2.3 for the superpotential and soft SUSY-breaking potential of this model.
• Beta function coefficient: bI5 = −3.
• Yukawa couplings:
Y˙ 10= γT10MY
10 + Y 10γ10M + γ5HY
10,
Y˙ 5 = γT5¯MY
5 + Y 5γ10M + γ5¯HY
5,
Y˙ IN = γ
T
NcY
I
N + Y
I
Nγ5¯M + γ5HY
I
N ,
λ˙5 = (γ5H + γ24H + γ5¯H )λ5,
λ˙24= 3γ24Hλ24, (E.62)
with anomalous dimensions:
γ10M= −2
(
18
5
g25
)
1+ 3Y 10 †Y 10 + 2Y 5 †Y 5,
γ5¯M = −2
(
12
5
g25
)
1+ 4Y 5 ∗Y 5T + Y
I †
N Y
I
N ,
γNc = 5Y
I ∗
N Y
IT
N ,
γ5H = −2
(
12
5
g25
)
+Tr
(
3Y 10 †Y 10 + Y I †N Y
I
N
)
+
24
5
|λ5|2,
γ5¯H = −2
(
12
5
g25
)
+Tr
(
4Y 5 †Y 5
)
+
24
5
|λ5|2,
γ24H= −2
(
5g25
)
+ |λ5|2 + 21
20
|λ24|2. (E.63)
The coefficient 21/20 in γ24H can be calculated by using the properties of the
third-order Casimir for adjoint representations reported, for example in Ref. 68).
• Superpotential dimensionful parameters:
M˙N= γ
T
NcMN +MNγNc ,
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M˙5 = (γ5H + γ5¯H )M5,
M˙24= 2γ24HM24. (E.64)
• Soft sfermion masses:
˙˜m
2
10M=M
2
G,10M + 3F(Y 10 †,1˜0M ,1˜0∗M ,5H ,A10 †) + 2F(Y 5 †,1˜0M ,˜¯5M ,5¯H ,A5 †),
˙˜m
2
5¯M =M
2
G,5¯M
+ 4F
(Y 5,˜¯5M ,1˜0M ,5¯H ,A5) + F(Y I TN ,˜¯5M ,N˜c ∗,5H ,AITN ),
˙˜m
2
Nc = 5F(Y I
N
,N˜c,˜¯5∗M ,5H ,AIN )
. (E.65)
• Soft Higgs masses:
˙˜m
2
5H
=M2G,5H + 3TrF(Y 10 †,5H ,1˜0∗M ,1˜0M ,A10 †)
+TrF
(Y I †
N
,5H ,N˜c,
˜¯5∗M ,AI †N )
+
24
5
F(λ5,5H ,24H ,5¯H ,Aλ5),
˙˜m
2
5¯H =M
2
G,5¯H
+ 4TrF
(Y 5 †,5¯H ,
˜¯5M ,1˜0M ,A5 †) +
24
5
F(λ5,5¯H ,5H ,24H ,Aλ5),
˙˜m
2
24H
=M2G,24H + F(λ5,24H ,5¯H ,5H ,Aλ5) +
21
20
F(λ24,24H ,24H ,24H ,Aλ24). (E.66)
Our RGEs for this model differ from those in Ref. 19) for γ5H and γ˜5H . Moreover,
the parameters λ5 and λ24, as well as Aλ5 and Aλ24 , are systematically taken as
vanishing in the RGEs listed in that paper.
E.3.2. MSSU(5), 15H
Also in this case, the expressions for the superpotential and the soft SUSY-
breaking potential can be found in §§2 and 2.3.
• Beta function coefficient: bII5 = 4.
• Yukawa couplings: The RGEs for Y 10, Y 5, λ5, and λ24 can be read from
Eq. (E.62), those for Y IIN , λ15, λU , λD are
Y˙ IIN= γ
T
5¯M
Y IIN + Y
II
N γ5¯M + γ15HY
II
N ,
λ˙15=
(
γ15H + γ24H + γ1¯5H
)
λ15,
λ˙U=
(
2γ5H + γ1¯5H
)
λU ,
λ˙D=
(
2γ5¯H + γ15H
)
λD. (E.67)
Among the anomalous dimensions, only γ10M is as in Eq. (E.63). The others
are
γ5¯M = −2
(
12
5
g25
)
1+ 4Y 5 ∗Y 5T + 6Y II ∗N Y
IIT
N ,
γ5H = −2
(
12
5
g25
)
+Tr
(
3Y 10 †Y 10
)
+
24
5
|λ5|2 + 6|λU |2,
γ5¯H = −2
(
12
5
g25
)
+Tr
(
4Y 5 †Y 5
)
+
24
5
|λ5|2 + 6|λD|2,
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γ24H= −2
(
5g25
)
+ |λ5|2 + 21
20
|λ24|2 + 7|λ15|2,
γ15H= −2
(
28
5
g25
)
+Tr
(
Y II †N Y
II
N
)
+ |λD|2 + 56
5
|λ15|2,
γ1¯5H= −2
(
28
5
g25
)
+ |λU |2 + 56
5
|λ15|2. (E.68)
• Superpotential dimensionful parameters:
M˙15= (γ15H + γ1¯5H )M15. (E
.69)
The RGEs for M5 and M24 are as in Eq. (E.64).
• Soft sfermion masses: The RGE for m˜210M is still as in Eq. (E.65), that for m˜25¯M
is
˙˜m
2
5¯M =M
2
G,5¯M
+ 4F
(Y 5,˜¯5M ,1˜0M ,5¯H ,A5) + 6F(Y IIN ,˜¯5M ,˜¯5∗M ,15H ,AIIN ). (E
.70)
• Soft Higgs masses:
˙˜m
2
5H =M
2
G,5H + 3TrF(Y 10 †,5H ,1˜0∗M ,1˜0M ,A10 †)
+
24
5
F(λ5,5H ,24H ,5¯H ,Aλ5) + 6F(λU ,5H ,1¯5H ,5H ,AλU ),
˙˜m
2
5¯H
=M2G,5¯H + 4TrF(Y 5 †,5¯H ,˜¯5M ,1˜0M ,A5 †)
+
24
5
F(λ5,5¯H ,5H ,24H ,Aλ5) + 6F(λD ,5¯H ,15H ,5¯H ,AλD ),
˙˜m
2
24H=M
2
G,24H + F(λ5,24H ,5¯H ,5H ,Aλ5)
+
21
20
F(λ24,24H ,24H ,24H ,Aλ24) + 7F(λ15 ,24H ,1¯5H ,15H ,Aλ15 ),
˙˜m
2
15H
=M2G,15H +TrF(Y II †
N
,15H ,
˜¯5M ,˜¯5
∗
M ,A
II †
N
)
+ F(λD ,15H ,5¯H ,5¯H ,AλD ) +
56
5
F(λ15,15H ,24H ,1¯5H ,Aλ15),
˙˜m
2
1¯5H
=M2G,1¯5H + F(λU ,1¯5H ,5H ,5H ,AλU ) +
56
5
F(λ15,1¯5H ,15H ,24H ,Aλ15). (E.71)
E.3.3. MSSU(5), 24M
The definitions of the superpotential and soft SUSY-breaking scalar potential
can be found in §§2 and 2.3.
• Beta function coefficient: bIII5 = 12.
• Yukawa couplings:
Y˙ IIIN = γ
T
24M
Y IIIN + Y
III
N γ5¯M + γ5HY
III
N ,
Y˙ x24M= γ
T
24MY
x
24M + Y
x
24M γ24M + γ24HY
x
24M . (E
.72)
The RGEs for Y5, Y10, λ5 and λ24 are formally as in Eq. (E.62). The anomalous
dimensions are now
γ5¯M = −2
(
12
5
g25
)
1+ 4Y 5 ∗Y 5T +
24
5
Y III †N Y
III
N ,
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γ24M= −2
(
5g25
)
1+ Y III ∗N Y
III T
N +
21
10
(
Y S †24MY
S
24M
)
+
5
2
(
Y A †24MY
A
24M
)
,
γ5H = −2
(
12
5
g25
)
+Tr
(
3Y 10 †Y 10 +
24
5
Y III †N Y
III
N
)
+
24
5
|λ5|2,
γ24H= −2
(
5g25
)
+ |λ5|2 + 21
20
|λ24|2 +Tr
(
21
20
Y S †24MY
S
24M +
5
4
Y A †24MY
A
24M
)
,
(E.73)
and γ10M and γ5¯H are listed in Eq. (E
.63).
• Superpotential dimensionful parameters:
M˙24M = γ
T
24MM24M +M24M γ24M . (E
.74)
The RGEs for M5 and M24 can be found in Eq. (E.64).
• Soft sfermion masses:
˙˜m
2
5¯M
=M2G,5¯M + 4F(Y 5,˜¯5M ,1˜0M ,5¯H ,A5) +
24
5
F
(Y IIIT
N
,˜¯5M ,2˜4∗M ,5H ,AIIITN )
,
˙˜m
2
24M
=M2G,24M + F(Y III
N
,2˜4M ,
˜¯5∗M ,5H ,AIIIN )
+
21
10
F
(Y S24M
,2˜4M ,2˜4
∗
M ,24H ,A
S
24M
)
+
5
2
F
(Y A24M
,2˜4M ,2˜4
∗
M ,24H ,A
A
24M
)
. (E.75)
The RGE for m˜210M is as in Eq. (E
.65).
• Soft Higgs masses:
˙˜m
2
5H =M
2
G,5H + 3TrF(Y 10 †,5H ,1˜0∗M ,1˜0M ,A10 †) +
24
5
TrF
(Y III †
N
,5H ,2˜4M ,
˜¯5∗M ,AIII †N )
+
24
5
F(λ5,5H ,24H ,5¯H ,Aλ5),
˙˜m
2
24H
=M2G,24H + F(λ5,24H ,5¯H ,5H ,Aλ5) +
21
20
TrF
(Y S †24M
,24H ,2˜4M ,2˜4
∗
M ,A
S †
24M
)
+
5
4
TrF
(Y A †24M
,24H ,2˜4M ,2˜4
∗
M ,A
A †
24M
)
+
21
20
F(λ24,24H ,24H ,24H ,Aλ24). (E.76)
The RGE for m˜2
5¯H
is as in Eq. (E.66).
E.4. MGUT < Q - nonvanishing NROs
As explained in the text, we express the superpotential and scalar potential
in terms of effective operators, with effective parameters indicated in boldface. A
decomposition similar to that of Eq. (E.61) still holds:
WMSSU(5),i =WMSSU(5) +W i,
V˜
MSSU(5),i
= V˜
MSSU(5)
+ V˜ i. (i = RHN, 15H, 24M) (E.77)
The various seesaw potentials W i and V˜ i, (i = RHN, 15H, 24M) will be given ex-
plicitly in the following subsections. The two potentials WMSSU(5) and V˜
MSSU(5)
,
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now decomposed as
WMSSU(5) =W
MSSU(5)
M +W
MSSU(5)
H ,
V˜
MSSU(5)
= V˜
MSSU(5)
M + V˜
MSSU(5)
H + V˜
MSSU(5)
gaug , (E.78)
include NROs only in the matter parts, which are now
W
MSSU(5)
M =−DcY 5D QHd −Ec(Y 5E )TLHd −DcY 5DUU cHCD −LY 5LQQHCD
+U cY 10U QHu +U
cY 10UEE
cHCU +
1
2
QY 10QQQH
C
U , (E.79)
and
V˜
MSSU(5)
M =
{
−D˜cA5D Q˜Hd − E˜c(A5E )T L˜Hd − D˜cA5DU U˜ cHCD − L˜A5LQQ˜HCD
+U˜ cA10U Q˜Hu + U˜
cA10UEE˜
cHCU +
1
2
Q˜A10QQQ˜H
C
U +H.c.
}
+Q˜∗ m˜2Q Q˜+ U˜
c m˜
2
Uc U˜
c ∗+ D˜c m˜2Dc D˜
c ∗
+L˜∗ m˜2L L˜+ E˜
c m˜
2
Ec E˜
c ∗. (E.80)
No boldface type is used for V˜
MSSU(5)
gaug , which is still that of Eq. (2.17). Normal char-
acter types are also used for the Higgs potentials, W
MSSU(5)
H and V˜
MSSU(5)
H , because
we neglect NROs in the Higgs sector. These potentials are then those in Eqs. (2.3)
and (2.17). Similarly, the purely Higgs parts of W 15H and V˜ 15H also remain un-
changed. The corresponding RGEs are also those reported in the case of vanishing
NROs, with undecomposed anomalous dimensions, soft mass squared, trilinear and
bilinear couplings. Nevertheless, we need, at least formally, to decompose these
last quantities when they enter in RGEs of effective flavoured fields. In this case,
we use distinct symbols, for example, γHu and γHCU
for the same γ5H , as well as
m˜
2
Hu and m˜
2
HC
U
for m˜25H , but we make the identifications γHu = γHCU
= γ5H and
m˜
2
Hu=m˜
2
HC
U
=m˜25H . As said, these are only formal decompositions, and we approxi-
mate the Yukawa couplings of the renormalizable operators, Y 10, Y 5, Y IN , which enter
in their definitions or in the expressions of their RGEs, with the effective couplings
Y 10U , Y
5
D, and Y
i
N (i = I, II, III), respectively.
We also neglect NROs for terms that involve only heavy fields, even when these
have flavour, such as the fields 24M . In the expressions for the anomalous dimensions
of these fields, we use a “hybrid” form, with contributions from the undecomposed
couplings of interactions for which we have omitted NROs (Higgs couplings), and
from the decomposed effective couplings of interactions for which NROs are nonva-
nishing (see for example Eq. (E.95)). A similar treatment in this section is reserved
to the RGEs for the soft masses of such superheavy flavour fields. We keep unde-
composed the contributions from the interactions that do not involve MSSM fields,
but we do decompose the contributions from the flavour interactions to which the
MSSM fields take part (see for example Eq. (E.98)). This is to allow SU(5)-violating
field rotations needed to embed the light fields in the SU(5) multiplets.
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E.4.1. nrMSSU(5), RHN
The form of the superpotential WRHN is now
WRHN = N
cY INLHu −N cY INDDcHCU +
1
2
N cMNN
c. (E.81)
The RGEs for the superpotential parameters in this class of models are as follows.
• Effective Yukawa couplings:
Y˙
10
U = γ
T
Uc Y
10
U + Y
10
U γQ + γHuY
10
U ,
Y˙
10
QQ= γ
T
Q Y
10
QQ + Y
10
QQγQ + γHC
U
Y 10QQ,
Y˙
10
UE= γ
T
Uc Y
10
UE + Y
10
UEγEc + γHC
U
Y 10UE,
Y˙
5
D = γ
T
Dc Y
5
D + Y
5
DγQ + γHdY
5
D,
Y˙
5
E = γ
T
L Y
5
E + Y
5
EγEc + γHdY
5
E ,
Y˙
5
DU= γ
T
Dc Y
5
DU + Y
5
DUγUc + γHC
D
Y 5DU ,
Y˙
5
LQ= γ
T
L Y
5
LQ + Y
5
LQγQ + γHC
D
Y 5LQ, (E.82)
and
Y˙
I
N = γ
T
Nc Y
I
N + Y
I
NγL + γHuY
I
N ,
Y˙
I
ND= γ
T
Nc Y
I
ND + Y
I
NDγDc + γHC
U
Y IND. (E.83)
Given the approximation made here, the RGEs for λ5 and λ24, not decom-
posed, are as in Eq. (E.62). For the same reason, γ24H , γ5H and γ 5¯H are those
of Eq. (E.63), with Y 5, Y 10, and Y IN approximated by Y
5
D, Y
10
U , and Y
I
N , re-
spectively. The anomalous dimensions γHu and γHCU
are taken to be equal to
γ5H ; γHd and γHCD
to γ 5¯H . The remaining anomalous dimensions needed for
the evaluation of the above RGEs are
γQ = −2
(
18
5
g25
)
1+ Y
10 †
U Y
10
U + 2Y
10 †
QQ Y
10
QQ + Y
5 †
D Y
5
D + Y
5 †
LQY
5
LQ,
γUc= −2
(
18
5
g25
)
1+ 2Y 10 ∗U Y
10T
U + Y
10 ∗
UE Y
10T
UE + 2Y
5 †
DUY
5
DU ,
γEc= −2
(
18
5
g25
)
1+ 3Y
10 †
UE Y
10
UE + 2Y
5 †
E Y
5
E,
γL = −2
(
12
5
g25
)
1+ Y 5 ∗E Y
5T
E + 3Y
5 ∗
LQY
5T
LQ + Y
I †
N Y
I
N ,
γDc= −2
(
12
5
g25
)
1+ 2Y 5 ∗D Y
5 T
D + 2Y
5 ∗
DUY
5T
DU + Y
I †
NDY
I
ND,
γNc= 2Y
I ∗
N Y
I T
N + 3Y
I ∗
NDY
IT
ND. (E.84)
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• Superpotential dimensionful parameters: See Eq. (E.64). We are implicitly
assuming that NROs involving only 24H fields have small coefficients and/or
that λ24 is not too small.
The term V˜ RHN specific of this model is
V˜ RHN =
{
N cAINLHu −N cAINDDcHCU +
1
2
N cBNN
c +H.c.
}
+ N˜ c m˜2Nc N˜
c ∗.
(E.85)
The RGEs for the parameters appearing in V˜
MSSU(5),RHN
are as follows.
• Soft sfermion masses:
˙˜m
2
Q =M
2
G,10M + F(Y 10 †U ,Q˜,U˜c ,Hu ,A10 †U ) + 2F(Y 10 †QQ ,Q˜,Q˜∗,HC
U
,A
10 †
QQ
)
+ F
(Y
5 †
D
,Q˜,D˜c ,Hd ,A
5 †
D
)
+ F
(Y
5 †
LQ
,Q˜,L˜
∗,HC
D
,A
5 †
LQ
)
,
˙˜m
2
Uc=M
2
G,10M + 2F(Y 10U ,U˜c ,Q˜,Hu ,A10U ) + F(Y 10UE ,U˜c ,E˜c∗,HC
U
,A
10
UE
)
+ 2F(Y 5 TDU ,U˜c ,D˜c∗,HC
D
,A
5T
DU
),
˙˜m
2
Ec=M
2
G,10M
+ 3F(Y 10 TUE ,E˜c ,U˜c ∗,HC
U
,A
10T
UE
) + 2F(Y 5TE ,E˜c ,L˜,Hd ,A5TE ),
˙˜m
2
L =M
2
G,5¯M
+ F(Y 5 ∗E ,L˜,E˜c ,Hd ,A5 ∗E ) + 3F(Y 5 ∗LQ,L˜,Q˜∗,HC
D
,A
5 ∗
LQ
)
+ F
(Y
I †
N
,L˜,N˜c ,Hu ,A
I †
N
)
,
˙˜m
2
Dc=M
2
G,5¯M
+ 2F(Y 5D ,D˜c ,Q˜,Hd ,A5D) + 2F(Y 5DU ,D˜c ,U˜c∗,HC
D
,A
5
DU
)
+ F(Y I TND ,D˜c ,N˜c∗,HC
U
,A
I T
ND
),
˙˜m
2
Nc= 2F(Y IN ,N˜c ,L˜,Hu ,AIN ) + 3F(Y IND ,N˜c ,D˜c∗,HC
U
,A
I
ND
), (E.86)
with M2G,10M and M
2
G,5¯M
as in the case of vanishing NROs.
• Soft Higgs masses: Since no decomposition is needed for 5H , 5¯H , and 24H ,
the RGEs for m˜25H , m˜
2
5¯H
, and m˜224H are as in Eq. (E
.66), with the already
mentioned approximation taken for Y 5, Y 10, and Y IN .
E.4.2. nrMSSU(5), 15H
The superpotential term W15H now has the form
W 15H =
1√
2
LY IINTL−DcY IIDLLQ15 +
1√
2
DcY IIDDSD
c
+
1√
2
λD 5¯H15H 5¯H +
1√
2
λU 5H 1¯5H5H +λ1515H24H 1¯5H
+M1515H 1¯5H , (E.87)
where only the first term in W15H of Eq. (2.46) was decomposed, with Y
II
N split in
the three couplings Y IIN , Y
II
DL, and Y
II
DD. The RGEs for the parameters in the
superpotential are as follows.
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• Effective Yukawa couplings:
Y˙
II
N = γ
T
L Y
II
N + Y
II
NγL + γTY
II
N ,
Y˙
II
DL= γ
T
Dc Y
II
DL + Y
II
DLγL + γQ15Y
II
DL,
Y˙
II
DD= γ
T
Dc Y
II
DD + Y
II
DDγDc + γS Y
II
DD. (E.88)
The RGEs for λ15, λD and λU can be found in Eq. (E.67), the remaining ones in
Eqs. (E.82). The anomalous dimensions γQ, γUc , and γEc are as in Eq. (E.84),
γL and γDc are
γL =−2
(
12
5
g25
)
1+ Y 5 ∗E Y
5T
E +3Y
5 ∗
LQY
5T
LQ +3Y
II †
N Y
II
N +3Y
II †
DLY
II
DL,
γDc=−2
(
12
5
g25
)
1+2Y 5 ∗D Y
5T
D +2Y
5 ∗
DUY
5T
DU +4Y
II ∗
DDY
II T
DD
+2Y II ∗DLY
IIT
DL . (E.89)
As mentioned above, γT , γQ15 , and γS are identified, γT = γQ15 = γS = γ15H ,
and the expression for γ15H , γ 1¯5H , γ5H , γ 5¯H , and γ24H are as in Eq. (E
.68).
• Superpotential dimensionful parameters: For M˙15, see Eq. (E.69); for M˙5 and
M˙24, Eq. (E.64).
The term V˜ 15H is
V˜ 15H =
{ 1√
2
LAIINTL−DcAIIDLLQ15 +
1√
2
DcAIIDDSD
c
+
1√
2
AλD 5¯H15H 5¯H +
1√
2
AλU 5H 1¯5H5H +Aλ1515H24H 1¯5H
+B1515H 1¯5H +H.c.
}
+m˜215H 15
∗
H15H + m˜
2
1¯5H
1¯5∗H 1¯5H . (E.90)
The RGEs for the parameters appearing in V˜
MSSU(5),15H
are as follows.
• Soft sfermion masses:
˙˜m
2
L =M
2
G,5¯M
+ F
(Y
5 ∗
E
,L˜,E˜c ,Hd ,A
5,∗
E
)
+ 3F(Y 5 ∗LQ,L˜,Q˜∗,HC
D
,A
5 ∗
LQ
)
+ 3F
(Y
II †
N
,L˜,L˜
∗,T ,A
II †
N
)
+ 3F
(Y
II †
DL
,L˜,D˜c ,Q15 ,A
II †
DL
)
,
˙˜m
2
Dc=M
2
G,5¯M
+ 2F(Y 5D,D˜c ,Q˜,Hd ,A5D) + 2F(Y 5DU ,D˜c ,U˜c∗,HC
D
,A
5
DU
)
+ 4F(Y IIDD,D˜c ,D˜c∗,S ,AIIDD) + 2F(Y IIDL,D˜c ,L˜,Q15 ,AIIDL),
(E.91)
with M2
G,5¯M
as in the case of vanishing NROs. The RGEs for m˜2Q, m˜
2
Uc , and
m˜
2
Ec are as in Eq. (E.86).
• Soft Higgs masses: See RGEs in §E.3.2, with Y 5D, Y 10U and Y IIN used for Y 5,
Y 10 and Y IIN , respectively.
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E.4.3. nrMSSU(5), 24M
The missing ingredient needed to specify the superpotential of this class of mod-
els is
W 24M = H
C
U
(√
2GMY
III
GD +
√
6
5
1
3
BMY
III
BD
)
Dc +HCUXMY
III
XLL
+Hu
(√
2WMY
III
N −
√
6
5
1
2
BMY
III
BL
)
L+HuX¯MY
III
X¯DD
c
+
1
2
24MM24M 24M +
1
2
∑
x=S,A
(
24MY
x
24M
24M
)
x
24H , (E.92)
where only the first term in W24M of Eq. (2.46) was decomposed, with Y
III
N split in
the six couplings Y IIIN , Y
III
BL, Y
III
X¯D
, and Y IIIGD, Y
III
BD, Y
III
XL. The index x, as usual,
labels the symmetric and antisymmetric products of the two 24M .
• Effective Yukawa couplings: Also in this case, the RGEs in Eq. (E.82) hold. The
RGEs for λ5, λ24 are in Eq. (E.62); those for the couplings Y
x
24M
in Eq. (E.72).
We have, in addition,
Y˙
III
N = γ
T
WM
Y IIIN + Y
III
N γL + γHu Y
III
N ,
Y˙
III
BL= γ
T
BM
Y IIIBL + Y
III
BLγL + γHu Y
III
BL,
Y˙
III
BD= γ
T
BM Y
III
BD + Y
III
BDγDc + γHC
U
Y IIIBD,
Y˙
III
GD= γ
T
GM Y
III
GD + Y
III
GDγDc + γHC
U
Y IIIGD,
Y˙
III
X¯D= γ
T
X¯M
Y IIIX¯D + Y
III
X¯DγDc + γHu Y
III
X¯D,
Y˙
III
XL= γ
T
XM
Y IIIXL + Y
III
XLγL + γHC
U
Y IIIXL. (E.93)
The anomalous dimensions γQ, γUc and γEc are as in Eq. (E.84); γL and γDc
are
γL = −2
(
12
5
g25
)
1+ Y 5 ∗E Y
5T
E +3Y
5 ∗
LQY
5T
LQ +
3
2
Y
III †
N Y
III
N
+
3
10
Y
III †
BL Y
III
BL + 3Y
III †
XLY
III
XL,
γDc = −2
(
12
5
g25
)
1+2Y 5 ∗D Y
5T
D +2Y
5 ∗
DUY
5T
DU +
8
3
Y
III †
GDY
III
GD
+
2
15
Y
III †
BDY
III
BD + 2Y
III †
X¯D
Y IIIX¯D; (E
.94)
γHu , γHCU
, γHd , and γHCD
are approximated as mentioned earlier. The
anomalous dimensions for the fields that are components of 24M can be written
in the “hybrid” form:
γGM = −2
(
5g25
)
1+
21
10
Y S †24MY
S
24M
+
5
2
Y A †24MY
A
24M
+ Y III ∗GDY
IIIT
GD ,
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γWM = −2
(
5g25
)
1+
21
10
Y S †24MY
S
24M +
5
2
Y A †24MY
A
24M + Y
III ∗
N Y
IIIT
N ,
γBM = −2
(
5g25
)
1+
21
10
Y S †24MY
S
24M +
5
2
Y A †24MY
A
24M +
3
5
Y III ∗BL Y
III T
BL
+
2
5
Y III ∗BDY
III T
BD ,
γXM = −2
(
5g25
)
1+
21
10
Y S †24MY
S
24M +
5
2
Y A †24MY
A
24M + Y
III ∗
XL Y
IIIT
XL ,
γX¯M = −2
(
5g25
)
1+
21
10
Y S †24MY
S
24M
+
5
2
Y A †24MY
A
24M
+ Y III ∗X¯DY
IIIT
X¯D . (E
.95)
• Superpotential dimensionful parameters: See Eq. (E.74) for M˙24M , Eq. (E.64)
for M˙5 and M˙24.
The term V˜ 24M is
V˜ 24M=
{
HCU
(√
2GMA
III
GD +
√
6
5
1
3
BMA
III
BD
)
Dc +HCUXMA
III
XLL
+Hu
(√
2WMA
III
N −
√
6
5
1
2
BMA
III
BL
)
L+HuX¯MA
III
X¯DD
c
+
1
2
24MB24M 24M +
1
2
∑
x=S,A
(
24MA
x
24M
24M
)
x
24H +H.c.

+W˜M m˜
2
WM
W˜ ∗M + B˜M m˜
2
BM
B˜∗M
+G˜M m˜
2
GM G˜
∗
M + X˜M m˜
2
XM X˜
∗
M +
˜¯XM m˜2X¯M ˜¯X∗M . (E.96)
The RGEs for the parameters appearing in V˜
MSSU(5),24M
are as follows.
• Soft sfermion masses:
˙˜m
2
L=M
2
G,5¯M
+ F(Y 5 ∗E ,L˜,E˜c ,Hd ,A5 ∗E ) + 3F(Y 5 ∗LQ,L˜,Q˜∗,HC
D
,A
5 ∗
LQ
)
+
3
2
F
(Y
III †
N
,L˜,W˜M ,Hu ,A
III †
N
)
+
3
10
F
(Y
III †
BL
,L˜,B˜M ,Hu ,A
III †
BL
)
+3F
(Y
III †
XL
,L˜,X˜M ,HC
U
,A
III †
XL
)
,
˙˜m
2
D=M
2
G,5¯M
+ 2F(Y 5D ,D˜c ,Q˜,Hd ,A5D) + 2F(Y 5DU ,D˜c ,U˜c∗,HC
D
,A
5
DU
)
+
8
3
F(Y IIITGD ,D˜c ,G˜M ∗,HC
U
,A
IIIT
GD
) +
2
15
F(Y IIITBD ,D˜c ,B˜M ∗,HC
U
,A
IIIT
BD
)
+2F(Y IIITX¯D ,D˜c , ˜¯XM ∗,Hu ,AIIITX¯D ). (E
.97)
The RGEs for m˜2Q, m˜
2
Uc , and m˜
2
Ec are as in Eq. (E.86). As for the scalar
components of the 24M , their soft-mass RGEs can be given in the “hybrid”
form:
˙˜m
2
GM
= (m˜com24M )
2 + F(Y IIIGD ,G˜M ,D˜c∗,HC
U
,A
III
GD
),
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˙˜m
2
WM
= (m˜com24M )
2 + F(Y IIIN ,W˜M ,L˜,Hu ,AIIIN ),
˙˜m
2
BM
= (m˜com24M )
2 +
3
5
F(Y IIIBL,B˜M ,L˜,Hu ,AIIIBL) +
2
5
F(Y IIIBD ,B˜M ,D˜c∗,HC
U
,A
III
BD
),
˙˜m
2
XM= (m˜
com
24M )
2 + F(Y IIIXL,X˜M ,L˜,HC
U
,A
III
XL
),
˙˜m
2
X¯M
= (m˜com24M )
2 + F(Y IIIX¯D, ˜¯XM ,D˜c∗,Hu ,AIIIX¯D), (E
.98)
where the common term (m˜com24M )
2 is given by
(m˜com24M )
2 =M2G,24M +
21
10
F
(Y S24M
,2˜4
2
M ,2˜4
2 ∗
M ,2˜4
2
H ,A
S
24M
)
+
5
2
F
(Y A24M
,2˜4
2
M ,2˜4
2 ∗
M ,2˜4
2
H ,A
A
24M
)
. (E.99)
The quantities M2
G,5¯M
and M2G,24M are as in the case with vanishing NROs.
• Soft Higgs masses: The RGEs are as those given in Appendix E.3.3, with Y 5,
Y 10 and Y IIIN replaced by Y
5
D, Y
10
U and Y
III
N , respectively.
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